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ABSTRACT.
In  th e  i n t r o d u c t o r y  d i s c u s s i o n ,  e v id e n c e  i n d i c a t i n g  
w a te r -c e m e n t  r a t i o  a s  th e  p r i n c i p a l  f a c t o r  a f f e c t i n g  s t r e n g t h  
i s  commented on and  th e  v iew  i s  advanced  t h a t  t h e  e f f e c t s  o f  
g r a d i n g 'a n d  p r o p o r t i o n s  a r e  due to  i n e q u a l i t i e s  i n  cem ent 
d i s t r i b u t i o n  c o n d i t i o n e d  by them.
S e c t io n s  o f  m o r ta r s  and  c o n c r e t e s  a r e  shown and  
commented on. E v id e n c e s  o f  c a v i t y  f o rm a t io n  a r e  foun d  u n d e r  
t h e  l a r g e r  f ra g m e n ts  i n  b a d ly  g ra d e d  m ix tu r e s .  I t  a p p e a r s ,  
how ever, t h a t  t h i s  i s  an  ex trem e c o n d i t i o n  w hich  i s  n o t  
e v i d e n t  i n  m o r ta r s .
T e s t s  o f  rem ix ed  c o n c r e t e s  and  m o r ta r s  a r e  th e n  
d e s c r i b e d .  I n  t h e s e ,  s e g r e g a t io n s  were re d u c e d  by th e  i n c r e a s e d  
p a s t e  v i s c o s i t y ,  o b ta in e d  by r e -m ix in g  a f t e r  a  s u i t a b l e  s t o r a g e  
p e r i o d .  The c o n t r o l  o f  p a s t e  v i s c o s i t y  by t h i s  means was 
somewhat u n c e r t a i n  b u t  re d u c e d  c a v i t a t i o n  was o b ta in e d ,  
accom panied  by i n c r e a s e d  s t r e n g t h .  I n c r e a s e s  i n  m o r ta r  
s t r e n g t h s  o b t a i n  by re -m ix in g  were much l e s s  marked and  i t  was 
c o n c lu d e d  t h a t  c a v i t y  fo rm a t io n ,  a s  a  f a c t o r  a f f e c t i n g  s t r e n g t h ,  
was im p o r ta n t  o n ly  i n  b ad ly  g ra d e d  c o n c r e t e s .  I t  i s  su g g e s te d  
t h a t  i n e q u a l i t i e s  i n  th e  d e n s i t y  o f  th e  cem en ting  p a s t e  have 
c o n s id e r a b le  i n f lu e n c e  on s t r e n g t h  and may e x p la in  th e  u s u a l  
g r a d in g  and p r o p o r t i o n  e f f e c t s  which o c c u r  i n  norm al m ix tu r e s .
M o r ta r  t e s t s  a r e  th e n  d e s c r ib e d  and d i s c u s s e d  from 
t h i s  p o i n t  o f  v iew , t o g e t h e r  w i th  m o r ta r  v o id s  in f o r m a t io n .
R a p id  H arden ing  P o r t l a n d  cement was u se d .  Specimens were w a te r  
c u re d  and broken  a t  7 days . P re v io u s  e x p e r ie n c e  had i n d i c a t e d  
t h a t  t h e  b e h a v io u r  o f  t h i s  cem ent a t  t h i s  c u r in g  p e r i o d  was 
s i m i l a r  to  t h a t  o f  O rd in a ry  P o r t l a n d  a t  28 days, and  th e  s h o r t e r  
c u r i n g  p e r i o d  s i m p l i f i e d  s to r a g e  a r ra n g e m e n ts .
The fo l lo w in g  fo rm u la  f o r  c r u s h in g  s t r e s s  S was e v o lv e d ,
j r  =. /4-too /< {fc  -  O'+zkJ l b / i n s . ^  
and /f * / - /• / /■ £o
where ^  = b a s i c  v o id s  f o r  t h e  m ix tu re ,
e  a  b a s i c  v o id s  -  b a s ic  v o id s  f o r  n e a t  cement
c  x cement c o n te n t  
u> 3s e f f e c t i v e  w a te r  c o n te n t  
The e x te n s i o n  o f  th e  t e s t s  to  in c lu d e  c o n c r e t e s  i s  
p r e c e d e d  by a  d i s c u s s i o n  o f  b a s i c  v o id s  and  t h e  d e s c r i p t i o n  o f  
a  m ethod o f  e s t i m a t i n g  t h e i r  m ag n itu d e .  T h is  m ethod i s  
p r e s e n t e d ,  n o t  a s  a  fo rm al s tu d y  o f  g r a d in g  phenomena, b u t  a s  
an  e x p e d ie n t  to  e n a b le  t h e  c o n c r e t e  r e s u l t s  to  be r e d u c e d .  I t  
was r e q u i r e d  by c i r c u m s ta n c e s  b u t  i t  i s  o th e r w is e  d e s i r a b l e  a s  
i t  makes unnecgjuaary th e  somewhat t ro u b le so m e  p r o c e s s  o f  
o b t a i n i n g  b a s i c  v o id s  e x p e r im e n ta l ly .
As th e  fo rm u la  does n o t  c o v e r  c a v i t y  fo rm a t io n ,  i t  
was e x p e c te d  t h a t  i t  would n o t  a p p ly  to  c o n c r e t e s  o f  o u t s t a n d :  
: i n g l y  bad  g r a d in g s .  T h is  was found  to  be so , c a l c u l a t e d  
s t r e n g t h s  a g re e in g  c lo s e l y  w i th  o b se rv e d  s t r e n g t h s  f o r  n o rm a l ly  
g ra d e d  m ix tu re s  b u t  e x ce ed in g  them when g r a d in g  was o b v io u s ly  
p o o r .
C a v i t a t i o n  i s  d i s c u s s e d  u n d e r  th e  h e ad in g  o f  
1 P a r t i c l e  I n t e r f e r e n c e ” .
W o rk a b i l i ty  i s  th e n  d i s c u s s e d ,  slump i s  r e l a t e d  
a p p ro x im a te ly  to
The w r i t e r  w ish es  to  draw a t t e n t i o n  to  th e  f a c t  t h a t  
t h e  m ethod a p p e a rs  to  be q u i t e  g e n e r a l ,  i n c l u d i n g  n e a t  p a s t e s ,  
m o r ta r s  and c o n c r e te s  u n d e r  th e  same r u l e .
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INTRODUCTORY STATEMENT.
C o n c re te ,  a s  one o f  th e  m ost g e n e r a l l y  employed 
s t r u c t u r a l  m a t e r i a l s ,  has  o u t s t a n d i n g  c la im s  on th e  a t t e n t i o n  
o f  e n g in e e r s .  Prom th e  p o i n t  o f  view o f  i n t r i n s i c  i n t e r e s t  
a l s o ,  i t  c la im s  a t t e n t i o n  by i t s  p e c u l i a r  c o m p o s it io n  and 
m ethod o f  p r e p a r a t i o n .  I t  i s  rem a rk ab le  t h a t , b y  th e  s im p le  
a d d i t i o n  o f  w a t e r , i t  sh o u ld  be p o s s i b l e  to  b u i l d  up w i th  
c e r t a i n t y  a  cem en ting  m a t e r i a l  c a p a b le  o f  t r a n s f o r m in g  a 
random a rran g em en t o f  s to n e  f ra g m e n ts  and  a  f i n e l y  g rou nd  
c l i n k e r  i n to  c o n c r e te  o f  a s t r e n g t h  w hich  may be a s  g r e a t  a s  
t h a t  o f  a  good q u a l i t y  s t o n e .
P r im a r i ly  t h i s  i s  an ach iev em en t o f  the  cem ent
i n d u s t r y ;  and th e  p a r t  which i t s  t e c h n i c a l  c h e m is ts  have p la y e d
i n  a d v an c in g  c o n c r e te  to  i t s  p r e s e n t  im p o rtan c e  m ust be
acknow ledged . I t  must a l s o  be  acknow ledged t h a t  th e  s o l u t i o n s
o f  many prob lem s i n  th e  use  o f  cement m ust be soug h t i n  p u re
c h e m is t ry  o r  i n  p h y s i c a l  c h e m is t r y .  A c co rd in g  to  th e  work done
be H.M. B u i ld in g  R e se a rc h  S t a t i o n ,  th e  e x p la n a t io n  o f  v o lu m e t r ic
ch an g es  i n  c o n c re te  due to  changes  i n  m o is tu re  c o n te n t  a p p e a rs
t o  be found  i n  t h e  in f lu e n c e  o f  w a te r  on s i l i c a  g e l s .  As
p o s s e s s e d
a n o t h e r  i l l u s t r a t i o n ,  th e  d eg ree  o f  f i r e  r e s i s t a n c e / b y  a  c o n c re te  
a p p e a r s  to  be d e te rm in e d  c h i e f l y  by th e  amount o f  f r e e  l im e  
p ro d u c e d  by th e  h a rd e n in g  r e a c t i o n s .
In  such  m a t t e r s  th e  e n g in e e r  may lo o k  to  
s p e c i a l i s t s  f o r  h i s  f a c t s .  I n  o t h e r  c a s e s  th e  c l a s s i f i c a t i o n  o f  
t h e  p roblem  may n o t  be so a p p a r e n t .  The s tu d y  o f  th e  s t r e n g t h  
o f  c o n c r e te  a p p e a rs  to  f a l l  i n  th e  l a t t e r  c a te g o ry  a s  t h i s  
p r o p e r t y  i s  dependen t on ch em ica l  a c t i o n  auid a l s o  on th e  
p h y s i c a l  e f f e c t s  o f  a g g re g a te  g ra d in g  and  p r o p o r t i o n s .  On th e  
c h e m ic a l  s id e ,  th e  a c t i v e  c o n s t i t u e n t s  a r e  t h e  m ix ing  w a te r  and 
cem ent and i t  a p p e a rs  t h a t  th e  h a rd e n in g  r e a c t i o n s  a r e  c o n d i t io n :  
: e d  to  some e x t e n t  by the  r e l a t i v e  q u a n t i t i e s  o f  th e s e  m a t e r i a l s .
The i n f lu e n c e  o f  g ra d in g  and cement p r o p o r t i o n  i s  e v id e n t l y
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p h y s i c a l .  T h is  s u b j e c t  i s ,  how ever, a  l e g i t i m a t e  one f o r  
e n g in e e r i n g  r e s e a r c h  a s  i t  a p p e a r s  t h a t  t h e  e f f e c t  o f  c h e m ic a l  
a c t i o n  may be t r e a t e d  by o r d in a r y  e n g in e e r in g  m ethods, a s  f a r  
a s  s t r e n g t h  i s  c o n c e rn e d .  T h is  c o n s i d e r a t i o n ,  c o u p le d  w i th  
some e x p e r ie n c e  o f  th e  m ethods employed by i n v e s t i g a t o r s  i n  
th e  same f i e l d ,  in d u c e d  th e  w r i t e r  to  commence th e  work w hich  
i s  to  be d e s c r ib e d .  A b r i e f  o u t l i n e  o f  th e  p o s i t i o n  a s  i t  
a p p e a re d  to  him a t  th e  t im e  o f  commencing th e  work and  a 
s ta te m e n t  o f  th e  l i n e s  he p ro p o se d  to  fo l lo w  sh o u ld  h e re  be 
i n  o r d e r .
The m ost w ide ly  known o f  th e  s im p le  r u l e s  f o r  th e
/? c2)s t r e n g t h  S o f  c o n c r e te  a re  Abrams* 5  -  and  Bolomey*s
A ltho ugh  b u lk  volumes were u se d  by Abrams, 
c and  w may be th e  r e s p e c t i v e  w e ig h ts  o f  cem ent and  m ix in g  
w a t e r  o r ,  w ith  a p p r o p r i a t e  ch an g es  in  th e  c o n s t a n t s ,  th e  
a b s o l u t e  volume o f  cement and t h e  volume o f  w a te r .  Br /< and 
L a r e  c o n s t a n t s  f o r  any s e l e c t e d  cement and  method and 
d u r a t i o n  o f  c u r in g .  For t h e  p r a c t i c a l  ra n g e  o f  v a lu e s ,
t h e  r u l e s  a r e  a c t u a l l y  a l t e r n a t i v e  ways o f  e x p re s s in g  th e  same 
r e l a t i o n ,  a s  p o in te d  o u t  by D u tro n . They may be c l a s s e d  a s  
w a t e r - r a t i o  r e l a t i o n s .  A lth o u g h  i t  a p p e a rs  t h a t ,  by a d ju s tm e n t  
o f  th e  c o n s t a n t s ,  th e y  may be made to  f i t  th e  r e s u l t s  o b t a in e d  
by v a r y in g  th e  w a t e r - r a t i o  i n  any g iv e n  c e m e n t-a g g re g a te  
m ix tu r e ,  they  a r e  e v id e n t ly  in c a p a b le  o f  a l lo w in g  f o r  v a r i a t i o n s  
o f  a g g re g a te  g ra d in g  and p r o p o r t i o n s .  T h e i r  a u th o r s  do n o t  
c la im  t h i s  f o r  them . Abrams g iv e s  h i s  r u l e  a s  a  mean r e l a t i o n  
a p p ly in g  to  w orkab le  n o n - s e g r e g a t in g  c o n c r e t e s .  The form 
a t t r i b u t e d  to  Bolomey was g iv e n  by him a s  an ap p ro x im ate  
a l t e r n a t i v e  to  a  more g e n e r a l  r u l e .
In  o t h e r  i n v e s t i g a t i o n s ,  m ethods have been  d ev e lo p ed  
c a p a b le  o f  making some a llo w an ce  f o r  v a r i a t i o n s  i n  a g g r e g a te s  
and  p r o p o r t i o n s ,  i n  a d d i t i o n  to  t h e  c h e m ic a l ly  a c t i v e  
c o n s t i t u e n t s .  F e r e t ,  i n  h i s  p io n e e r  work on m o r ta r s ,  u se d
p a s t e  d e n s i ty  a s  an  in d e x  o f  s t r e n g t h  S i n  a  fo rm u la
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o f  t h e  ty p e  /S' * K  fJZ -.)2' . Here c and s a r e  th e  a b s o l u t e
volum es o f  cement an d  sand  i n  u n i t  volume o f  m orta ir  and  
r e p r e s e n t s  u n i t  v o id s  t/ , ( w a te r  +• a i r )  i n  t h e  c o n s o l i d a t e d  
m o r t a r .  V oids a r e  d e f i n i t e l y  c o n n e c te d  w i t h  g r a d in g  and 
p r o p o r t i o n s  when th e  m ix tu re s  l i e  w i th in  th e  s t i f f  to  p l a s t i c  
ra n g e  s in c e  t /  h e re  i s  g r e a t e r  th a n  th e  m ix in g  w a te r  to , by an 
amount depend ing  on g ra d in g ,  g r a i n  shape and  p r o p o r t i o n s .  I t  
h a s  b een  found , however, t h a t  th e  r e l a t i o n  betw een p a s t e  
d e n s i t y  and s t r e n g t h  d i f f e r s  f o r  d i f f e r e n t  aggregates^ . T here  i s  
a l s o  th e  f u r t h e r  o b j e c t i o n  t h a t  i n  wet m ix tu r e s  a i r  v o id s  
d i s a p p e a r  and th e  a g g re g a te  e f f e c t  v a n i s h e s ,  p a s t e  d e n s i ty  
becom ing sim ply  a  v a r i a n t  o f  w a t e r - r a t i o .
I n  t h e i r  developm ent o f  F e r e t* s  work T a lb o t  and  R i c h a r t
(S)
ad d ed  a  r e d u c t io n  f a c t o r  w hich  removed th e  l a t t e r  o b j e c t i o n  and 
gave an im proved r e l a t i o n  be tw een  p a s t e  d e n s i t y  and  s t r e n g t h .  
They s t a t e d  t h a t  a t  b a s i c  w a te r  c o n te n t  ( th e  w a te r  c o n te n t  
g i v i n g  minimum v o id s )  s t r e n g t h  was g iv e n  by an e q u a t io n  o f  
F e r e t f s ty p e .  At h ig h e r  w a te r  c o n te n t s  u) , s t r e n g t h s  c o r re sp o n d :  
: ed  w i th  a  r e d u c t io n  f a c t o r  m u l t i p l i e d  by th e  v a lu e  f o r  s t r e n g t h  
w h ich  t h e  a p p r o p r i a t e  p a s t e  d e n s i ty  would g iv e  a t  b a s i c  w a te r  
c o n t e n t .  The r e d u c t io n  f a c t o r  was dependen t on r e l a t i v e  w a te r  
c o n te n t  and  i n c r e a s e  o f  w a te r  o v e r  t h e  b a s i c  amount
d e c r e a s e d  s t r e n g t h  b o th  by i n c r e a s i n g  th e  r e d u c t io n  f a c t o r  and 
r e d u c in g  p a s t e  d e n s i t y .
The v a l i d i t y  o f  th e  p a s t e  d e n s i ty  r u l e  f o r  s t r e n g t h  
a t  b a s i c  w a te r  c o n te n t  was q u e s t io n e d  however by l a t e r  
i n v e s t i g a t o r s .  The B u i ld in g  R e se a rc h  S t a t io n ^ a d o p te d  Abrsm1s 
ty p e  o f  r u l e  f o r  b a s i c  w a te r  c o n te n t  b u t  th e y  s t a t e d  t h a t  th e  
c o n s t a n t s  A and  B changed to  some e x te n t  w i th  changes i n  
m a t e r i a l s  and p r o p o r t i o n s .  As a  g e n e r a l  r u l e  th ey  gave a  
m o d i f ie d  w a t e r - r a t i o  form &  - where r  -  - Hit . T h is ,Q  C. C. 7
o f  c o u r s e ,  i s  s u b j e c t  to  the  u n c e r t a i n t i e s  o f  the  b a s i c  r u l e .
I n  th e  f o r e g o in g  m ethods th e  g ra d in g  f a c t o r s  a re  
i n d i r e c t ,  b e in g  a s s o c i a t e d  w i th  p a s t e  d e n s i ty  o r  r e l a t i v e  w a te r
-  6 -
c o n t e n t .  T h e i r  d e te r m in a t io n  i n v o lv e s  r a t h e r  l e n g th y  v o id s  
t e s t s  an d  th e y  a r e  t h e r e f o r e  i n c o n v e n ie n t  f o r  s p e c i f i c a t i o n  o r  
f o r  com parison  o f  a g g r e g a t e s .  D i r e c t  g r a d i n g  f a c t o r s  w hich  have 
b e e n  u s e d  a r e  Abrams* F in e n e s s  Modulus and S u r fa c e  A re a .  They 
a r e  b a s e d  on s ie v e  a n a l y s i s .  F in e n e s s  m odulus, g iv e n  by th e  sum 
o f  th e  f r a c t i o n s  c o a r s e r  th a n  each  o f  t h e  s i e v e s  o f  th e  T y le r  
s e r i e s ,  i s  an e m p i r i c a l  m easure  s t a t e d  by Abrams to  have been  
a r r i v e d  a t  by t r i a l .  He c la im s  t h a t  a g g r e g a t e s  o f  th e  same 
f i n e n e s s  modulus and  o f  s i m i l a r  g r a i n  shape  a r e  e q u i v a l e n t  i n  
t h e i r  e f f e c t  on c o n s i s t e n c y .  He u s e s  f i n e n e s s  modulus i n  h i s  
fo rm u la  c o n n e c t in g  w a t e r - r a t i o ^ a g g r e g a t e s  a n d  r e l a t i v e  w a te r  
c o n t e n t .  T h is  im p l i e s  some c o n n e c t io n  be tw een  f i n e n e s s  
m odulus and s t r e n g t h .
S u r f a c e  a r e a  o f  the  a g g re g a te  p a r t i c l e s  was u se d  i n i t i a l l y  by 
E d w ard s^ in  h i s  m ethod of. e s t i m a t i n g  th e  amount o f  m ix in g  w a te r  
r e q u i r e d  to p rod uce  norm al w a te r  c o n te n t .  B eing  t h e r e f o r e  
c o n n e c te d  w i th  r e l a t i v e  w a te r  c o n te n t ,  i t  h a s  a l s o  some b e a r in g  
on s t r e n g t h .  Combining Abrams’ and E dw ards’ work, Young u se d  
th e  q u a n t i t y  c e m e n t / s u r f a c e  a r e a  to  e s t a b l i s h  a  c o n n e c t io n  
betw een s t r e n g t h ,  w a t e r - r a t i o  and  c o n s i s t e n c y .  H is m ethods a re  
c la im e d  to  have been  u se d  w i th  su c c e s s  i n  work c a r r i e d  o u t  by 
th e  H y d r o - E le c t r i c  Power Commission o f  O n ta r io .  In  l a t e r  work 
c e m e n t / s u r f a c e  a r e a ,  u n d e r  t h e  name o f  cem ent f a c t o r  h a s  been 
em ployed i n  v a r io u s  i n v e s t i g a t i o n s .  F u r t h e r  d i s c u s s i o n  o f  
s u r f a c e  a r e a s  w i l l  be n e c e s s a ry  i n  c o n n e c t io n  w i th  th e  p r e s e n t  
work b u t  i t  can be p o s tp o n e d  w i th  a d v an tag e  u n t i l  a  c e r t a i n  
amount o f  e x p e r im e n ta l  work h a s  been d e s c r i b e d .
The im p re s s io n  g a in e d  from a s tu d y  o f  th e  f o r e g o in g  
i n v e s t i g a t i o n s  i s  t h a t  i n  w orkab le  m ix tu re s  th e  b a s i c  in f lu e n c e  
i s  t h a t  o f  w a t e r - r a t i o .  I t  a p p e a rs  f u r t h e r  t h a t  r e l a t i v e  w a te r  
c o n te n t ,  f i n e n e s s  modulus and  s u r f a c e  a r e a  a r e  i n d i v i d u a l l y  
in a d e q u a te  t o  d e f in e  th e  m o d ify in g  e f f e c t  o f  a g g re g a te s  on 
s t r e n g t h .  F u r t h e r  work on fu ndam en ta l  a s p e c t s  o f  t h e s e  e f f e c t s  
a p p e a re d  to  be j u s t i f i e d .  The f o l lo w in g  b r i e f  s t a te m e n t  sh o u ld
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s e r v e  to. i n d i c a t e  th e  l i n e s  i t  was p ro p o s e d  to  f o l lo w .
The f a c t  t h a t  c o n c r e t e  m ix tu r e s  a r e  a g g r e g a t i o n s  o f  
m a t e r i a l s  i n  u n s t a b l e  p h y s i c a l  e q u i l i b r iu m  becomes v e ry  e v id e n t  
when th e y  a r e  exam ined. One c u b ic  f o o t  o f  w orkab le  good 
q u a l i t y  c o n c r e t e ,  s u i t a b l e  f o r  r e i n f o r c e d  c o n s t r u c t i o n ,  may 
c o n t a i n  a b o u t  107  lb*  a g g r e g a t e ,  25 l b .  o f  cem ent and  1 .3  
g a l l o n s  o f  w a te r .  A l e a n e r  m ix tu r e ,  s u i t a b l e  f o r  mass c o n c r e t e ,  
may c o n ta in  120 l b .  o f  a g g re g a te ,  13 l b .  cem ent and  one g a l l o n  
o f  w a te r .  I n  h a n d l in g ,  th e  mass depends f o r  c o h e s io n ,  p a r t l y  
on su r fa c e ,  t e n s i o n  a t  t h e  b o u n d a r ie s  and  p a r t l y  on i n t e r n a l  
f r i c t i o n .  When i t  i s  r e a l i s e d  t h a t  th e  cem ent and w a te r  s t i l l  
r e t a i n  t h e i r  in d ep e n d en t  p h y s i c a l  s t a t e s  o f  g r a n u l a r  im p e rv io u s  
c l i n k e r  and f r e e  w a te r  i t  becomes e v id e n t  t h a t  th e  a s s o c i a t i o n  
o f  a l l  t h e  c o n s t i t u e n t s  i s  u n s t a b l e  and t h a t  i n e q u a l i t i e s  must 
o c c u r .  The p r e c i s e  c o m p o s it io n  o f  any sm a ll  volume o f  th e  
m a t e r i a l  m ust d i f f e r ,  to  some sm a ll  e x t e n t  a t  l e a s t ,  from t h a t  
o f  any o t h e r .  I n  a d d i t i o n  to  such  chance  i n e q u a l i t i e s ,  t h e r e  
w i l l  be s y s te m a t ic  e f f e c t s .  I n  a l l  m ix tu r e s  t h e r e  m ust be 
t e n d e n c i e s  to  m o d i f i c a t io n  by s e g r e g a t io n .  I n  a  b a d ly  
p r o p o r t io n e d  m ix tu re  r e l a t i v e l y  l a r g e  q u a n t i t i e s  o f  cem ent and 
w a te r  may s e p a r a t e  and, i n  p l a c i n g ,  zones o f  m a t e r i a l s  h a v in g  
d i f f e r e n t  p r o p o r t i o n s  may form . Such a c o n d i t i o n  m igh t be 
te rm ed  g e n e r a l  s e g r e g a t io n .
As g r a d in g  i s  im proved th e s e  e f f e c t s  w i l l  become 
l e s s  a p p a re n t  and more l o c a l i s e d .  A w e l l  p r o p o r t io n e d  m ix tu re  
w i l l  be e x p e c te d  to  e x h i b i t  no m a t e r i a l  g e n e r a l  s e g r e g a t io n  b u t  
t h e r e  may be l o c a l  s e g r e g a t io n s  more o r  l e s s  u n i fo rm ly  
d i s t r i b u t e d  th ro u g h o u t  th e  m ix tu r e .
O b.iect o f  Work and A rrangem ent.
The w r i t e r ' s  o b j e c t  was p r i m a r i l y  th e  e x a m in a t io n  o f  
c o n c r e t e s  and m o r ta r s  f o r  e f f e c t s  which m igh t throw f a r t h e r  l i g h t  
on t h e  r e l a t i o n s  between th e  s t r e n g t h s  and c o m p o s i t io n s  o f  
m ix tu r e s .  E x am ina tion  f o r  s e g r e g a t io n  e f f e c t s  a p p e a re d  to  be 
a  p ro m is in g  s t a r t i n g - p o i n t .  From t h i s ,  th e  work d e s c r ib e d
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h e re  h a s  d e v e lo p ed  and  i t s  n a t u r e  p r e c lu d e d  any com p rehens ive  
scheme b e in g  l a i d  down a t  th e  o u t s e t .  The r e s u l t s  o f  th e  
e x a m in a t io n s  o f  m ix tu r e s  s u g g e s t e d , t e s t s  on rem ix ed  m a t e r i a l s .  
T hese  were c a r r i e d  a s  f a r  a s  was th o u g h t  d e s i r a b l e  a t  th e  t im e  
I n  t h e o r y  th ey  s h o u ld  g iv e  v a lu a b l e  i n f o r m a t io n  on s e g r e g a t io n  
e f f e c t s  -  i n  p r a c t i s e  th e y  a r e  r a t h e r  d i f f i c u l t  to  c o n t r o l .
I t  a p p e a re d  f i n a l l y  to  be n e c e s s a r y  to  a cc u m u la te  
e x p e r im e n ta l  d a ta  r e g a r d in g  m o r ta r  and c o n c r e t e  s t r e n g t h s  i n  
o r d e r  to  examine th e  i n d i c a t i o n s  o b ta in e d  from th e  e a r l i e r  
t e s t s .  A number o f  m a t e r i a l s  o f  u n ifo rm  p a r t i c l e  s i z e  were 
i n c l u d e d  i n  th e  m o r ta r  s e r i e s  a s  th e y  p ro m ise d  e a s i e r  a n a l y s i s  
A lso  m o r ta r  v o id s  i n v e s t i g a t i o n s  o f  th e  f i n e  a g g r e g a t e s  were 
made, fo l lo w in g  th e  m ethods o f  T a lb o t  an d  R i c h a r t ,  a s  t h e s e  
a p p e a re d  to  o f f e r  p rom ise  o f  u s e f u l n e s s  i n  i n v e s t i g a t i o n s  o f  
t h e  e q u i l i b r iu m  o f  th e  c o n s t i t u e n t s  o f  m ix tu r e s .
PART 1.
E xam in ation  o f  M ix tu r es  f o r  S e g r e g a t io n .  
Remixed M ortars and C o n c r e te s .
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EXAMINATION OF SPECIMENS FOR SEGREGATION.
L o ca l  s e g r e g a t io n s  o f  w a te r  i n  c o n c r e te  have been 
n o t e d  and  commented on a t  v a r i o u s  t im e s .  They a r e  d e s c r ib e d  
in  two p a p e r s  by Edwards(yJin  1916 and  a r e  m en tio n ed  a l s o  by 
H o l l i s t e r  i n  J o h n s o n ’ s R e in f o r c e d  C o n c re te  Handbook o f  t h e  same 
y e a r .  The l a t t e r  a l s o  d i s c u s s e s  th e  s u b j e c t  i n  two p a p e r s  to  
t h e  American C o n c re te  I n s t i t u t e ,  th e  l a s t  o f  t h e s e  a p p e a r in g  
i n  th e  1930 P r o c e e d in g s .  Pow ers , i n  h i s  p a p e r  o f  t h e  p r e v io u s(lo)
y e a r ,  a l s o  m e n t io n s  th e  c h a r a c t e r i s t i c  l o o s e n e s s  and  p o o r  
c o n t a c t  o f  th e  cem en ting  m a t e r i a l  u n d e r  th e  l a r g e r  a g g re g a te  
f r a g m e n ts  w hich  i s  th e  most s t r i k i n g  e v id e n c e  o f  g r a v i t a t i o n a l  
s e g r e g a t i o n .
Cornrw rn/^has a l s o  been  made on m arked d e c r e a s e s  i n  
bond due to  s e g r e g a t io n s  o f  t h i s  ty p e  a t  th e  s u r f a c e s  o f  b a r s  
p l a c e d  h o r i z o n t a l l y  i n  c o n c r e t e .  I n  such  c a s e s  th e  e f f e c t  seems 
to  be enhanced  by th e  r e l a t i v e  im m o b il i ty  o f  th e  b a r s .
I n  th e  l a t e r  ’p a r t i c l e  i n t e r f e r e n c e ’ th e o ry  o f  
Weymouth i t  i s  so u g h t  to  e s t a b l i s h  a  c o n n e c t io n  betw een g ra d in g  
and  t e n d e n c ie s  to  form s e g r e g a t io n s  o f  th e  above ty p e .  T h is  
work w i l l  be d i s c u s s e d  in  d e t a i l  l a t e r .
P o o r  a d h e s io n  o f  th e  m o r ta r  to  th e  u n d e r s id e s  o f  th e  
a g g r e g a te  f ra g m e n ts  a p p e a rs  m ost c l e a r l y  in  t r a n s v e r s e  
f r a c t u r e s .  I t  i s  i l l u s t r a t e d  i n  th e  t h r e e  p h o to g ra p h s  on th e  
o p p o s i t e  p a g e .  The f i r s t  one i s  o f  th e  lo w e r  p a r t  o f  an  8H x 
4” c y l i n d e r  and th e  two o t h e r s  show s i m i l a r  c y l i n d e r s  b rok en  in  
b e n d in g  a t  seven  days a g e .  I t  was n o t i c e d  t h a t  th e  e f f e c t  was 
l e s s  m arked i n  specim ens b roken  a f t e r  a  l o n g e r  c u r in g  p e r i o d .
These c o n c r e te s  were b a d ly  g ra d e d  and were s e l e c t e d  
to  show i n  a  marked d eg ree  e f f e c t s  w hich  were p r e s e n t  t o  some 
e x t e n t  i n  norm al ty p e s  o f  m i x t u r e . .
E x am in a tio n  o f  c o n c r e t e s  b roken  up soon a f t e r  
s t i f f e n i n g  d i s c l o s e d  s i m i l a r  e f f e c t s .  M o r ta r  a d h e re d  much 
b e t t e r  to  th e  u p p e r  s id e s  o f  t h e  a g g re g a te  f rag m e n ts  th a n  th e  
lo w e r .  No d e f i n i t e  a c c u m u la t io n s  o f  w a te r  were o b s e rv e d  i n
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t h e  s o c k e t s  l e f t  by rem oval o f  p i e c e s  o f  a g g re g a te  a l th o u g h  
t h e  s u r f a c e s  d i s c l o s e d  a p p e a re d  w e t t e r  t h a n . a d j a c e n t  f r a c t u r e  
s u r f a c e s  i n  th e  m orta r*  As t h e  c o n c r e t e s  were r a t h e r  h a r s h  
a n d  had  w a t e r - r a t i o s  r a n g in g  up to  0*8 (by  w e ig h t)  s e g r e g a t io n  
was l e s s  e v id e n t  th a n  m igh t have been e x p e c te d  i n  v iew  o f  th e  
f r e e  r e j e c t i o n  o f  w a te r  from high, w a t e r - r a t i o  cem ent p a s t e s .
A t w a t e r - r a t i o s  o v e r  0*6, w a te r  was o b s e rv e d  to  c o l l e c t  a t  th e  
s u r f a c e s  o f  p a s t e s  even when th e y  were s p r e a d  o u t  i n  t h i n  
l a y e r s .  I n  3" x 2-J-1’ c y l i n d r i c a l  m oulds, s e t t l e m e n t  o f  cement 
w i th  r e j e c t i o n  o f  w a te r  to  t h e  to p  o c c u r r e d  w i th  w a t e r - r a t i o s
o f  0*5 and  o v e r .  F _ .h ic k n e s s  o f  th e  w a te r
l a y e r  a b o u t  h a l f - a n - h o u r  a f t e r  f i l l i n g  th e  m oulds.
m o r ta r  and  c o n c r e te  were ru b b ed  down on carborundum  b lo c k s .  
S e c t i o n s  p r e p a r e d  i n  t h i s  way were p r e f e r r e d  to  th e  t h i n  
t r a n s l u c e n t  s e c t i o n s  u se d  i n  p e t r o l o g y .  Such s e c t i o n s  had 
been  u s e d  in  a  p r e v io u s  i n v e s t i g a t i o n  and  i t  had th e n  become 
a p p a r e n t  t h a t  s u i t a b l y  p r e p a r e d  s u r f a c e s  would s e rv e  th e  p u rp o se  
b e t t e r .  They p e rm i t  a  more c e r t a i n  c l a s s i f i c a t i o n  o f  v o id s  and 
th e  s u r f a c e  can be f u r t h e r  b ro k e n  down to  c l e a r  up u n c e r t a i n t i e s  
w hich  may a p p e a r  on th e  f i r s t  e x a m in a t io n .
a l th o u g h  i n  g e n e r a l  t h i s  was u n d e s i r a b l e  a s  i t  f i l l e d  th e  v o id s  
w i t h  a  m a t e r i a l  w hich  was h a r d ly  d i s t i n g u i s h a b l e  from cement. 
One o f  th e  sands  u s e d  (sa n d  A) c o n ta in e d  t r a n s p a r e n t  q u a r t z  
g r a i n s  and , i n  th e  p o l i s h e d  m o r ta r s ,  c o n t a c t  betw een g r a i n  
s u r f a c e  and cem en tin g  m a t e r i a l  c o u ld  be exam ined th ro u g h  some 
o f  th e  g r a i n s .  These  c o n ta c t  s u r f a c e s  had  th e  w h ite  f l o c c u l e n t  
a p p e a ra n c e  o f  l a i t a n c e .  No d i f f e r e n c e s  were o b se rv e d  a t  u p p e r  
and  lo w e r  s u r f a c e s  o f  th e  g r a i n s .  In  s e c t i o n ,  some i n d i c a t i o n  
o f  abno im al c o n d i t i o n s  a t  c o n t a c t  betw een cem en ting  m a t e r i a l  
and  g r a i n s  were o b se rv e d ,  a s  m en tioned  l a t e r .
A ppearances  on th e  p la n e  s e c t i o n s  a r e  i l l u s t r a t e d  
i n  f i g s .  2 to  6 .  I n  c o n c r e t e s ,  d e f i n i t e  gaps  b o rd e re d  by
?
To p e r m i t  f u r t h e r  s tu d y  o f  s e g r e g a t io n ,  p i e c e s  o f
Some o f  th e  m o r ta r s  were g iv e n  an o p t i c a l  p o l i s h
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l o o s e r  m o r ta r  were found  i n  b a d ly  g ra d e d  m ix tu r e s  u n d e r  some
o f  t h e  c o a r s e  a g g re g a te  f r a g m e n ts .  As w ould  be e x p e c te d  th e
m ix tu res ;
g a p s  a r e  more f r e q u e n t  i n  h a r s h  m ix tu r e s ,  b u t  even i n  t h e s e  /  j
t h e y  were n o t  numerous and t h e i r  d i s c o v e ry  by hand g r i n d in g
was l a b o r i o u s .
F i g . 7 v/as o b t a in e d  from th e  m a t e r i a l  o f  a  spun c o n c r e te  p i p e .  |
|
I t  d oes  n o t  show any d e f i n i t e  gap b u t  th e  b in d in g  on th e  o u t e r  
( r i g h t )  s id e  o f  th e  l a r g e  f rag m e n t o f  a g g re g a te  was l e s s  dense 
th a n  th e  no rm al.  'B i n d i n g 1 i s  u s e d  to  d e s c r i b e  th e  h a rd e n ed  
c em en tin g  m a t e r i a l  a s  i t  seems d e s i r a b l e  to  d i f f e r e n t i a t e  I t  
from th e  dry cem ent and th e  f l u i d  cem en tin g  p a s t e .
For i n s p e c t i o n  o f  th e  s m a l l e r  g r a i n s  m o r ta r s  were j
u s e d  p r i n c i p a l l y .  No w e l l - d e f i n e d  s e g r e g a t io n  gaps  were se en  i
u n d e r  f rag m e n ts  p a s s i n g  a  N o .4  s i e v e .  I n  m ixes o f  h ig h  w a te r
c o n te n t  t h e r e  seemed to  be a  g e n e r a l  l o o s e n e s s  o f  c o n ta c t
\
betw een th e  b in d in g  and  ^ome o f  th e  g r a i n s ,  r a t h e r  th a n  d e f i n i t e  
c a v i t i e s  u n d e r  them . The a p p e a ra n c e  s u g g e s te d  t h a t  some f a c t o r  
o t h e r  th a n  g r a v i t a t i o n a l  s e g r e g a t io n  p ro d u c e d  e n v e lo p e s  o f  
w a te r  ro u n d  t h e s e  g r a i n s .  A c co rd in g  to  t h e  B u i ld in g  R e se a rc h  
S t a t i o n ' s  work on th e  h a rd e n in g  o f  s i l i c a  g e l s ,  sh r in k a g e  o f
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t h e  g e l  o c c u rs  accom panied  by s y n e r e s i s  o r  r e j e c t i o n  o f  w a te r .
I t  i s  p o s s i b l e  t h a t  t h i s  may e x p la in  th e  f o n n a t io n  o f  w a te r  j
e n v e lo p e s  rou nd  a g g re g a te  g r a i n s ,  however, a s  th e s e  e n v e lo p e s  
a p p e a re d  to  o c c u r  i r r e g u l a r l y ,  i t  i s  l i k e l y  t h a t  o t h e r  a g e n c ie s  
c o n t r i b u t e d  w a te r  and  i n f lu e n c e d  i t s  d i s t r i b u t i o n .
V a r i a t i o n s  i n  th e  t e x t u r e  o f  t h e  b in d in g s  were 
o b s e rv e d ,  th e  m a t e r i a l s  i n  a d j a c e n t  'v o i d s '  f r e q u e n t ly  showing 
m arked d i f f e r e n c e s  i n  a p p a r e n t  d e n s i t y .  I n  some m o r ta r s  o f  
h ig h  w a t e r - r a t i o ,  made w i th  f i n e  sand , d i s c o n t i n u i t i e s  o f  th e  
b in d in g  were n o t i c e d  i n  some o f  th e  s m a l l e r  v o id s .  Some tim e 
was s p e n t  on a  s tu d y  o f  b in d in g s  o f  d i f f e r e n t  w a t e r - r a t i o s  i n  
an  en d eav o u r  to  o b t a i n  some in d e x  o f  p a s t e  d e n s i ty  w hich  would 
a s s i s t  i n  exam in ing  th e  c o n d i t i o n  o f  th e  m a t e r i a l  i n  t h e  v o id s  
i n  m ix tu r e s .  B in d in g s  have no r e g u l a r  s t r u c t u r e .  They a p p e a r  
t o  c o n s i s t  o f  d a r k e r  c e n t r e s  embedded i n  an  amorphous m a t e r i a l
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o f  c o l o u r  w hich  "becomes l i g h t e r  a s  w a t e r - r a t i o  i s  i n c r e a s e d
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( f i g , 8 ) .  Tixe d a rk  c e n t r e s  a r e  p resum ab ly  unchanged  g r a i n -  
m a t e r i a l  and  t h e i r  s i z e s  i n d i c a t e  t h a t  i n  m ost c a s e s  th e y  a re  
composed o f  g ro u p s  o f  g r a i n s .  A p pearan ces  changed  w i th  changes 
i n  t h e  a n g le  o f  i l l u m i n a t i o n  p ro d u c in g  th e  im p re s s io n  t h a t  some 
o f  t h e  d a rk  c e n t r e s  were se e n  th ro u g h  a  p a r t l y  t r a n s l u c e n t  
m a t e r i a l .  B ecause  o f  th e  i n d e f i n i t e n e s s  o f  p o s i t i o n  and  
s t r u c t u r e  o f  th e  d a rk  c e n t r e s  i t  d id  n o t  a p p e a r  to  be 
p r a c t i c a b l e  to  e s t im a t e  cem ent c o n c e n t r a t i o n  by c o u n t  b u t  a  
ro u g h  com parison  c o u ld  be o b t a i n e d  from th e  a p p e a ra n c e .
To sum m arise b r i e f l y ,  i t  i s  e v id e n t  t h a t  s e g r e g a t io n  
gaps o c c u r  u n d e r  a g g re g a te  f ra g m e n ts  i n  u n s u i t a b l y  g ra d e d  con:
: c r e t e s  w hich may have a  s e r i o u s  e f f e c t  on s t r e n g t h .  In  m o r ta r s  
(w h e th e r  i s o l a t e d  o r  i n  c o n c r e te )  t h e r e  i s  th e  p o s s i b i l i t y  o f  
l o s s  o f  s t r e n g t h  th ro u g h  im p e r f e c t  c o n t a c t  betw een th e  b in d in g  
and  some o f  the  a g g re g a te  g r a i n s  and  t h e r e  i s  a l s o  e v id e n c e  
o f  f l u c t u a t i o n s  i n  th e  d e n s i ty  o f  th e  b in d in g  from p o i n t  to  
p o i n t .
I n  a d d i t i o n  to  th e  above e f f e c t s  t h e r e  i s  th e  
p o s s i b i l i t y  o f  g e n e r a l  s e g r e g a t i o n .  T h is  c o n d i t i o n  i s  o f  
i n t e r e s t  o n ly  a s  a  l i m i t  a t  w h ich  any m ethod o f  c a l c u l a t i n g  th e  
e f f e c t s  on s t r e n g t h  o f  th e  above l o c a l  phenomena m ust b re a k  down.
-  13 -
Remixed M o r ta rs  an d  C o n c r e te s .
I t  seemed p ro b a b le  t h a t  m o rta rs ,  and  c o n c r e t e s ,  
rem ix ed  a f t e r  i n i t i a l  s e t  had  ta k e n  p l a c e ,  m ig h t  be o f  a s s i s t a n c e  
i n  t h e  s tu d y  o f  s e g r e g a t i o n s .  I t  a p p e a rs  to  be w e l l  e s t a b l i s h e d  
t h a t  modern cem ents o f  t h e  P o r t l a n d  ty p e  a r e  n o t  a f f e c t e d  in  
s t r e n g t h  by re m ix in g ,  p ro v id e d  t h a t  h a rd e n in g  has n o t  p ro c e e d e d  
to o  f a r  to  p e r m i t  them to  be re d u c e d  to  a  w orkab le  s t a t e .  The 
p a s t e  form ed w i l l  be more v i s c o u s  th a n  th e  o r i g i n a l ,  i t s  
c o n d i t i o n  d epend ing  on how f a r  h a rd e n in g  h a s  p r o g r e s s e d  and  on 
how much i t  h a s  been  w orked. G r e a t e r  p a s t e  v i s c o s i t y  w i l l  
r e d u c e  g r a v i t a t i o n a l  s e g r e g a t io n  i n  m ix tu r e s  and  i t  s h o u ld  be 
p o s s i b l e  to  e l i m i n a t e  th e s e  s e g r e g a t io n s  by rem ix in g  c a r e f u l l y  
a t  a  s u i t a b l e  t im e .  I t  was th o u g h t  to  be u s e l e s s  to  a r r a n g e  a  
com prehensive  programme d e s ig n e d  to  c o r r e l a t e  s t r e n g t h  l o s s  
w i t h  s e g r e g a t io n  u n t i l  more d e f i n i t e  i n d i c a t i o n s  o f  th e  
p o s s i b i l i t y  o f  s u c c e s s  i n  t h i s  d i r e c t i o n  had  been o b ta in e d .  
A c c o rd in g ly  some t e s t s  were made to  o b t a i n  f i g u r e s  showing how 
f a r  s t r e n g t h  d i f f e r e n c e s  due to  d i f f e r e n c e s  i n  p r o p o r t i o n s  and
g r a d in g  c o u ld  be removed by r e m i x i n g . . . . f * ,v )
The c o n c r e te  m ix tu r e s  o f  f i g . 9 g iv e  r a n g e s  o f  
p r o p o r t i o n s  e x te n d in g  from d e f i c i e n c y  o f  c o a r s e  m a t e r i a l  t o  
e x c e s s  ( i . e .  h a r s h n e s s ) .  The n a r s h  m ix tu r e s  were e x p e c te d  to  
show maximum gap f o rm a t io n  and  t h e r e f o r e  t h e  maximum re c o v e ry  
o f  s t r e n g t h  on re m ix in g .  At th e  o t h e r  e x trem e , e v id e n c e s  o f  ^
g e n e r a l  s e g r e g a t io n  were e x p e c te d .  '
M o r ta r  t e s t s ,  shown i n  f i g .  10 were made a t  th e  same 
t im e  and  some n e a t  cement t e s t s ,  f i g .1 1 ,  w ere  a l s o  in c lu d e d .  
S u b se q u e n t ly  th e  a d d i t i o n a l  m o r ta r s  o f  f i g . 12 were made.
The f i n e  a g g re g a te s  a r e  d e s c r ib e d  a s  sa n d s  A, C 
and D. P a r t i c u l a r s  o f  t h e s e  sands  a r e  g iv e n  i n  th e  ap p en d ix .
-  1 4  -
D e t a i l s  o f  P r e p a r a t i o n  o f  T e s t  P i e c e s .
C e m e n t:-  R ap id  H ard en in g  F e r r o c r e t e .
C u r i n g : -  A l l  specim ens were k e p t  2d h o u rs  i n  th e  moulds and  
th e n  s t o r e d  i n  w a te r  f o r  6 d ay s , b e in g  b ro ken  a t  
7 day s .
P r e p a r a t i o n  o f  spec im ens The c o n c r e t e s  were mixed i n  a  m e ta l  
t r a y  a b o u t  J f t ,  x 4 ^ *  x d eep . S o l id s  were nm easured  by w e igh t and  th e  w a te r  by volum e. T e s t  
p i e c e s  c o n s i s t e d  o f  c y l i n d e r s  4 i n * d ia m e te r  and  8 i n .  
lo n g .  They were c a s t  i n  C . I .  m oulds on g l a s s  p l a t e s ,  
t h e i r  u p p e r  f a c e s  b e in g  f i n i s h e d ,  a f t e r  s t i f f e n i n g ,  
w i th  a  l a y e r  o f  cement p a s t e  w hich  was s c r a p e d  p la n e  
and p a r a l l e l  w i th  th e  bo ttom  a f t e r  i t  had  h a rd e n e d  
s u f f i c i e n t l y .
Three  t e s t  p i e c e s  were made from each  m ix tu r e .  I n  a l l  
b u t  t h e  l a s t  f i v e  m ix tu r e s  th e y  were c a s t  a t  
i n t e r v a l s ,  th e  f i r s t  im m ed ia te ly  a f t e r  m ix ing  and  th e  
o t h e r s  a f t e r  th e  s t o r a g e  t im e s  shown in  th e  t a b l e ,  
f i g . 9 . To a l lo w  f o r  p o s s i b l e  e f f e c t s  o f  t im e  o f  
m ix in g , when each  m ix tu re  was made up th e  p o r t i o n  f o r  
th e  f i r s t  specimen was s e p a r a t e d  from th e  heap  and 
g iv e n  an  a d d i t i o n a l  amount o f  m ix ing  c o r re s p o n d in g  
ro u g h ly  to  t h a t  which th e  r e s t  would undergo i n  
r e m ix in g .  The m a t e r i a l  f o r  t h e  second  specim en was 
t r e a t e d  s i m i l a r l y .  D uring  s to r a g e  th e  m a t e r i a l  was 
co v e re d  w i th  a  damp sa ck ,  k e p t  from c o n ta c t  w i th  i t  
by p i e c e s  o f  s t e e l  b a r ,  to  m in im ise  e v a p o ra t io n .
In  the  l a s t  f i v e  g ro u p s  th e  moulds were f i l l e d  w i th  
f r e s h l y  mixed c o n c r e te  and th e  seco nd  and t h i r d  o f  
each  were i n v e r t e d  a t  th e  t im e s  shown. I t  was th o u g h t  
t h a t  freedom  from s u s p ic io n  o f  e v a p o ra t io n  l o s s e s  
co u ld  be th u s  o b t a in e d  and  l o c a l  s e g r e g a t io n  e f f e c t s  
s e p a r a t e d  from th o s e  o f  g e n e r a l  s e g r e g a t io n .
The m o r ta r s  were m ixed i n  a  v e s s e l  which was c o v ered  
by a  l i d  d u r in g  s t o r a g e .
-  15  -
The t e s t i n g  m achine was a  h a n d - o p e ra te d  one w ork ing  
on o i l  p r e s s u r e .  The l o a d  on th e  specim en was r e a d  
by g a u g e s ,  one r e a d in g  to  5 t o n s  and  th e  o t h e r  to  
50 t o n s .
CONCRETES.
I t  would have been  p r e f e r a b l e  i f  t h e  f i g u r e s  f o r  
s t r e n g t h  had been  b a se d  on th e  r e s u l t s  o f  t h r e e  t e s t  p i e c e s .
As o n ly  t h r e e  8” x 4U c y l i n d e r  moulds were a v a i l a b l e  and a s  i t  
was c o n s id e r e d  d e s i r a b l e  to  make each  g roup  o f  norm al and 
rem ix ed  specim ens from a  s i n g l e  m ix tu re ,  s i n g l e  t e s t  p i e c e s  
h ad  to  be u se d .  Very u n ifo rm  r e s u l t s  had  been  o b t a i n  p r e v i o u s ly  
from th e  8” x 41 c y l i n d e r s  an d , a s  o n ly  g e n e r a l  i n d i c a t i o n s  
were so u g h t ,  i t  was th o u g h t  t h a t  th e y  w ould  s e rv e  th e  p u rp o se  
h e r e .
I t  would a l s o  have been  p r e f e r a b l e  to  keep  th e  
s to ra g e  t im e s  u n i fo rm .  A t the  t im e  o f  m aking th e  t e s t s  
c ircu m stan ces ,  d i d  n o t  p e rm i t  t h i s .  " T im e - s t r e n g th ” d iag ram s 
have been  p l o t t e d  f o r  th o s e  g ro u p s  showing th e  g r e a t e s t  
d e p a r t u r e s  from th e  mean s to r a g e  t im e s .
W a t e r - r a t i o s  g iv e n  i n  th e  t a b l e  have been  c o r r e c t e d  
f o r  a b s o r p t io n  and  a b so rb e d  w a te r .
D is c u s s io n  o f  th e  norm al s t r e n g t h s  o f  th e  specim ens 
( c o l .  N o . l )  b e lo n g s  p r o p e r ly  to  a  l a t e r  p a r t  o f  th e  work and  
i t  i s  f e l t  t h a t  to  a t t e m p t  i t  a t  t h i s  s t a g e  would r e s u l t  i n  
n e e d le s s  c o m p l ic a t io n .  F o r  th e  p r e s e n t  i t  may be m en tio n ed  
t h a t  th e y  a r e  i n  a c c o rd a n c e  w i th  p r e v io u s  work which had  been 
done on th e s e  m a t e r i a l s .  I t  sh o u ld  p e rh a p s  be m en tio n ed  a l s o  
t h a t  sand  D, which i s  ve ry  f i n e  and c a p a b le  o f  h o ld in g  a  h ig h  
p r o p o r t i o n  o f  p a s t e ,  had  been  found  to  be c a p a b le  o f  g iv in g  
ve ry  h ig h  s t r e n g t h s .
Most o f  th e  rem ix ed  c o n c r e te s  show g a in s  i n  s t r e n g t h  
w h ich  may be due to  th e  e l i m i n a t i o n  o f  s e g r e g a t io n .  I n  s u p p o r t  
o f  th e  view  t h a t  s t r e n g t h  l o s s  i s  e n t i r e l y  due to  s e g r e g a t io n
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w hich  can  be d i s p e r s e d  by re m ix in g ,  some o f  th e  g ro u p s ,  o f  
t h e  same w a t e r - r a t i o s  and  m a t e r i a l s  b u t  o f  d i f f e r e n t  
p r o p o r t i o n s ,  re a c h  th e  same f i n a l  s t r e n g t h s ,  e . g .  J> & 4 , 5 & 6 , 
13 & 14 and  19 & 20. However, t h e r e  a r e  e x c e p t io n s ,  1 & 2 
d i f f e r  from 3 & 4 an & 10 from 9 & 8 . I t  does n o t  a p p e a r  t h a t  
th e  same rem ix ed  s t r e n g t h s  w i l l  be o b t a i n e d  f o r  a  s e l e c t e d  
w a t e r - r a t i o  when t h e  m a t e r i a l s  d i f f e r  ( e . g .  3 & 4  and 21 & 22 ) .  
I n  one c a s e ,  g roup  23, th e  f i n a l  specim en shows a  v e ry  low 
s t r e n g t h  owing to  t h e  m ix tu re  h a v in g  become to o  s t i f f .
Groups 25 to  29 a r e  th o s e  i n  w hich  th e  m oulds were s im ply  
i n v e r t e d  and  ta p p e d  to  p rom ote  movement. I t  i s  th o u g h t  t h a t  
t h e  g a in s  o b ta in e d  a r e  due e n t i r e l y  to  th e  d i s p e r s a l  o f  
g r a v i t a t i o n a l  s e g r e g a t i o n .  The o b j e c t  o f  t h e  s p e c i a l  t r e a tm e n t  
g iv e n  t o  t h e s e  g ro u p s  was to  d i s t u r b  th e  c o n c r e te  no more th a n  
n e c e s s a r y  to  d i s p e r s e  g r a v i t a t i o n a l  s e g r e g a t i o n s .  The 
p h o to g ra p h s ,  f i g s .  9a ,  9b, from a d d i t i o n a l  specim ens o f  th e  
group  29 m ix tu re  i n d i c a t e  t h a t  d i s p e r s a l  was in c o m p le te .
N eat Cements and M o r t a r s .
The n e a t  cement t e s t s  co n firm  t h a t  rem ix in g  h a s  no 
e f f e c t  on th e  s t r e n g t h  o f  cem ent p a s t e .  I n  th e  l a s t  two s e t s  
(O .5 2  & O.5 6  w a t e r - r a t i o s )  t h e  sm a ll  i n c r e a s e s  o b t a in e d  a re  
p ro b a b ly  due to  th e  d i s p e r s a l  o f  s l i g h t  g e n e r a l  s e g r e g a t io n s .  
The m o r ta r s  do n o t  g iv e  such  m arked i n c r e a s e s  on re m ix in g  a s  
th e  c o n c r e t e s .  T h is  would a p p e a r  t o  i n d i c a t e  t h a t  th e  c o n c re te  
g a in s  a r e  due to  th e  d i s p e r s a l  o f  g r a v i t a t i o n a l  s e g r e g a t io n s  a s  
t h e s e  were o b se rv e d  to  o c c u r  i n  c o n c r e te s  b u t  n o t  i n  m o r ta r s .
The t a b l e s  f i g s .  12 & 13 r e p r e s e n t  a  c l o s e r  s tu d y  
o f  san d  A. T h is  was b a se d  on th e  fo l lo w in g  c o n s i d e r a t i o n s .
A t y p i c a l  cu rve  f o r  th e  v a r i a t i o n  o f  m o r ta r  s t r e n g t h  w i th  
c o n s t a n t  a g g re g a te  an d  d i f f e r e n t  p r o p o r t i o n s  o f  p a s te  o f  c o n s ta n t  
w a t e r - r a t i o  i s  shown i n  f i g . 1 4 . T h is  c u rv e ,  i l l u s t r a t i n g  th e  
e f f e c t  o f  cement c o n te n t  o r  mix f a c t o r ,  i s  t y p i c a l  o f  g ra d e d  
a g g r e g a t e .  The s i z e d  g r a i n s  o f  f i g . 12 g iv e  maxima f a r t h e r  to  
t h e  l e f t .  G e n e ra l  s e g r e g a t io n  i s  a  p l a u s i b l e  e x p la n a t io n  f o r  
th e  lo w e r  s t r e n g t h s  a t  low A/C v a lu e s .  The d im in u t io n  o f
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s t r e n g t h  to w ard s  th e  h i g h e s t  A/C v a lu e s  o c c u r s  w i th  p a s t e  
c o n t e n t s  more th a n  s u f f i c i e n t  to  f i l l  t h e  a g g re g a te  v o id s  and 
so i s  n o t  due to  in c o m p le te  v o id  f i l l i n g .  Weymouth's 
d i s c u s s i o n  o f  h i s  p a r t i c l e  i n t e r f e r e n c e  th e o r y  i n d i c a t e s  t h a t  
he w ould  a t t r i b u t e  s t r e n g t h  l o s s e s  h e re  to  g r a v i t a t i o n a l  
s e g r e g a t i o n .  I f  b o th  t h e s e  v iew s a re  c o r r e c t  i t  o u gh t to  be 
p o s s i b l e  to  r a i s e  th e  s t r e n g t h s  th ro u g h o u t  th e  ran g e  to  th e  
maximum v a lu e  by r e m ix in g .
The n a t u r a l  g r a d in g  o f  sand A was u se d  f o r  t h e  
m o r ta r s  o f  f i g . l j .  S to ra g e  p e r i o d s  o f  6 h o u rs  f o r  t h e  0 .5  and  
0 . 6  w a te r  r a t i o s  and  7? h o u rs  f o r  th e  0 .8  w a t e r - r a t i o  were 
chosen  a s  i t  had  been found  t h a t  th e  m o r ta r s  c o u ld  be p l a c e d  
up to  th e s e  t im e s .  Two s to r a g e  p e r i o d s  a t  e ac h  w a t e r - r a t i o  
were u s e d  f o r  th e  s i z e d  m a t e r i a l s  o f  f i g . 12 a s  th e y  had  n o t  
b e en  t r i e d  p r e v i o u s l y .  Very l i t t l e  d i f f e r e n c e  a p p e a rs  betw een 
th e  norm al and  rem ix ed  s t r e n g t h s  i n  b o th  s e t s ,  i n d i c a t i n g  t h a t  
g r a v i t a t i o n a l  s e g r e g a t io n  does n o t  have much i n f l u e n c e .  
C o n s id e r in g  th e  e a r l i e r  r e s u l t s  i t  seems t h a t  t h i s  c o n c lu s io n  
may be e x te n d ed  to  c o v er  a l l  m o r ta r s .
Note on o t h e r  work on d i s t ^ ^ e d  c o n c r e t e . The w r i t e r ' s  f i g u r e s  
a p p e a r  to  be i n  g e n e r a l  ag reem en t w ith  p u b l i s h e d  f i g u r e s  f o r  
rem ixed  m o r ta r s  and  c o n c r e t e s .  G-onnerman and W oodw orth^ 
o b ta in e d  s l i g h t l y  i n c r e a s e d  s t r e n g t h s  f o r  s to r a g e  p e r i o d s  up 
to  a b o u t  f o u r  h o u r s ,  maximum i n c r e a s e s  b e in g  abou t 10$ f o r  some 
m ix tu r e s ,  f o r  o t h e r s ,  l e s s .  G ains i n  m o r ta r  s t r e n g t h  a re  
r e p o r t e d  on ly  a t  h ig h e r  w a t e r - r a t i o s .  I n  com parison , some <£ 
th e  w r i t e r ' s  f i g u r e s  a r e  h ig h  b u t  th e s e  r e f e r  to  m ix tu re s  o f  
abnorm al g r a d in g s .  Gonnerman and  Woodworth u se d  o n ly  w e l l -  
g r a d e d  m ix tu r e s  su ch  a s  would be employed i n  good p r a c t i c e  
and  th e y  d id  no t u se  h ig h  w a t e r - r a t i o s .
W ith  r e g a r d  to  c o n c re te  d i s t r u b e d  d u r in g  s e t t i n g ,  G ie s c h e 's
r e - r o d d e d  c o n c r e te s  and H ough 's  ' r o t a t e d '  specim ens may be
pv
m en tio n ed . I n  th e  fo rm er c a se  a  p r o p o r t i o n  o f  th e  specim ens 
/were^ e - r o d d e d  i n  th e  moulds 5 t im e s  a t  JO m inute  i n t e r v a l s ,
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w a te r  f r e e d  b e in g  a l lo w e d  to  e s c a p e .  G a in s  i n  s t r e n g t h  v a ry in g  
from 8$ t o  80$, w hich  v/ere o b t a in e d ,  a r e  a t t r i b u t e d  to  the  
e x p u ls io n  o f  w a te r  and a i r .  As th e  g a in s  a r e  n o t  c l o s e l y  
r e l a t e d  to  the  i n c r e a s e s  i n  d e n s i t y ,  w hich  a r e  a l s o  r e p o r t e d ,  
r e d u c t i o n  o f  a i r  and  w a te r  c o n te n t s  does n o t  a f f o r d  a  com plete  
e x p la n a t i o n .  Hough u se d  c y l i n d r i c a l  sp ec im en s , c o v e r in g  th e  
ends o f  the  moulds and  a l t e r i n g  t h e i r  p o s i t i o n s  d u r in g  s t i f f e n i n g ,  
They were f i r s t  i n v e r t e d  and  th e n  l a i d  on t h e i r  s i d e s  and  g iv e n  
a q u a r t e r  t u r n  a t  i n t e r v a l s .  He r e p o r t s  g a in s  r a n g in g  from 10$ 
f o r  w a t e r - r a t i o  0 . 7  (Abrams’ r a t i n g )  to  hffjo f o r  w a t e r - r a t i o  1 .1 .  
He a l s o  comments on th e  im proved  a d h e s io n  o f  th e  m o r ta r  to  th e  
a g g r e g a te  f r a g m e n ts .
Summary and C o n c lu s io n s .
The re m ix in g  t e s t s  i n d i c a t e  t h a t  l o c a l  s e g r e g a t io n  
a f f o r d s  o n ly  a  p a r t i a l  e x p la n a t io n  o f  t h e  i n f lu e n c e  o f  
a g g re g a te  g r a d in g  and  cement c o n te n t  on s t r e n g t h .  P ro v id e d  
t h a t  a g g re g a te  g r a d in g  i s  n o t  d e f i n i t e l y  bad  i t  would appe a r  
p o s s i b l e  to  ig n o re  t h e i r  e f f e c t  i n  s t r e n g t h  i n v e s t i g a t i o n s  o f  
such m ix tu r e s .  The r e l a t i o n s  o b ta in e d  m ig h t be i n f lu e n c e d  to  
a s l i g h t  e x t e n t  b u t  i t  i s  l i k e l y  t h a t  the  r e s i d u a l  e f f e c t s  
due to  v a r i a t i o n s  i n  th e  c h a r a c t e r i s t i c s  o f  th e  m ix tu r e s  would 
be n e g l i g i b l e .  The e f f e c t s  i n  m o r ta r s  a r e  even l e s s  a p p a r e n t .
T h is  i s  i n  ag reem en t w i th  th e  r a r i t y  o f  a p p a r e n t  s e g r e g a t io n  
gaps i n  th e  m o r ta r s  examined.
On th e  a ssu m p tio n  t h a t  th e  s t r e n g t h  o f  a  m ix tu re  
depends o n ly  on th e  s t r e n g t h  o f  th e  b in d in g ,  t h e r e  rem ained  
o n ly  th e  o b se rv e d  i n e q u a l i t i e s  i n  b in d in g s ,  which a r e  r e f e r r e d  
t o  e a r l i e r ,  to  e x p la in  th e  i n f lu e n c e s  o f  g r a d in g  and  cement 
c o n te n t  on s t r e n g t h .  These i n e q u a l i t i e s  p e r s i s t e d  i n  rem ixed  
m o r ta r s .  I t  i s  s u g g e s te d  t h a t  i n  them an e x p la n a t io n  o f  
g r a d in g  and cement c o n te n t  e f f e c t s  may be found .
A s i m i l a r  view a p p e a rs  to  have found  a c c e p ta n c e  a s
an e x p la n a t io n  o f  th e  e f f e c t  on s tr e n g th  o f  th e  cem ent f a c t o r
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( c e m e n t / s u r f a c e  a r e a  o f  a g g r e g a t e ) .  T h is  q u a n t i t y  r e p r e s e n t s  
th e  nom ina l t h i c k n e s s  o f  th e  cem ent en v e lo p e  round  each  
a g g re g a te  f rag m e n t ( n e g l e c t i n g  th e  cem ent a b so rb e d  by th e  
r e s i d u a l  v o id s )  and  i t  i s  h e l d  t h a t  i n c r e a s e s  i n  cem ent f a c t o r  
i n c r e a s e  s t r e n g t h  by p e r m i t t i n g  movement o f  t h e  g r a i n s  in  
p l a c i n g  w i th  l e s s  d i s t u r b a n c e  o f  th e  cem ent e n v e lo p e s .  Cement 
f a c t o r  e x p la in s  th e  i n c r e a s e s  i n  s t r e n g t h  w hich  u s u a l l y  o c c u r  
a s  cement c o n te n t  i s  i n c r e a s e d  b u t  i t s  i n f lu e n c e  i s  n o t  so 
a p p a r a n t  when g r a d in g  i s  ch anged . I n c r e a s e s  i n  cem ent f a c t o r  
p ro d u c e d  by r e p l a c i n g  an  a g g r e g a te  by a  c o a r s e r  one may r e s u l t  
i n  l o s s  o f  s t r e n g t h .  Cement f a c t o r ,  i n  c o n d u c t io n  w i th  
c e m e n t-w a te r  r a t i o  and mix f a c t o r ,  h a s  been  u se d  i n  s t a t i s t i c a l  
i n v e s t i g a t i o n s  o f  c o n c r e te  s t r e n g t h .  The p r im a ry  d i f f i c u l t y  
h e re  i s  i n  o b t a i n i n g  f a c t o r s  c a p a b le  o f  d e f i n i n g  th e  c o n c r e te  
m aking c h a r a c t e r i s t i c s  o f  th e  m a t e r i a l s  and  p r o p o r t i o n s .  F o r  
i n s t a n c e ,  m ix tu r e s  o f  d i f f e r e n t  a g g r e g a t e s ,  o f  th e  same s u r f a c e  
a r e a  and cement c o n te n t ,  may behave v e ry  d i f f e r e n t l y .
I t  t h e r e f o r e  a p p e a re d  to  be w o r th  w h ile  p u r s u in g  th e  
i d e a  o f  a  b in d in g  i n e q u a l i t y  -  s t r e n g t h  c o n n e c t io n  a lo n g  
d i f f e r e n t  l i n e s .  I t  was t h e r e f o r e  d e c id e d  to  t r y  to  t r a c e  
'some c o n n e c t io n  be tw een  s t r e n g t h  f l u c t u a t i o n s  and  m ix tu re  
c h a r a c t e r i s t i c s  w hich  m igh t be r e l a t e d  to  th e  m o b i l i t y  o f  th e  
cem en ting  p a s t e  i n  th e  v o id  sp a c e s  o f  th e  a g g r e g a te .  T e s t s  o f  
th e  s t r e n g t h s  o f  m ix tu r e s  i n  c o n ju n c t io n  w i th  m o r ta r  v o id s  
i n v e s t i g a t i o n  a lo n g  th e  l i n e s  o f  T a lb o t  and  R i c h a r t ’ s work 
seemed to  o f f e r  t h e  b e s t  s t a r t i n g  p o i n t .  A c c o rd in g ly  th e  work 
d e s c r i b e d  i n  th e  f o l lo w in g  p a g e s  was u n d e r ta k e n .
PART 2 .
A p p l i c a t io n  t o  M ortars, and C o n c r e te s .
-  20 -
NORMAL TESTS OF MORTARS AND CONCRETES,
C em en t:-  F e r r o c r e t e  R ap id  H a rd en in g  cem ent was u s e d  a s  b e f o r e .  
As t h e  t e s t s  were u n a v o id a b ly  s p r e a d  o v e r  a  c o n s id e r a b le  t im e 
th e  m a t t e r  o f  cem ent c o n t r o l  was o f  s o e c i a l  moment. G - lan v il le  
comments on th e  v a r i a t i o n s  w h ich  may be foun d  in  th e  m a t e r i a l  
from a s i n g l e  c o n t a i n e r .  I n  th e  p r e s e n t  work th e  cem ent was 
ta k e n  from  d i f f e r e n t  co n s ig n m en ts  and u s e d  a f t e r  v a r y in g  
s to r a g e  p e r i o d s .  C o n tro l  was o b ta in e d  by o v e r l a p p in g  o r  
r e p e a t i n g  t e s t s .  Some o f  t h e s e  c o n t r o l  f i g u r e s  a r e  shown in  
th e  t a b u l a t e d  r e s u l t s .
I t  was fo u n d  n e c e s s a r y  to  make c o n t r o l  t e s t s  a t  
b o th  ends o f  th e  w a t e r - r a t i o  r a n g e ,  i n  o r d e r  to  check  th e  
e f f e c t s  o f  a e r a t i o n .  A lth o u g h  th e  cem ent was s t o r e d  i n  m e ta l  
c o n t a i n e r s  th e  u s u a l  a e r a t i o n  phenomena were o b se rv e d ,  c o lo u r  
becoming l i g h t e r  and  th e  m a t e r i a l  somewhat s o f t e r  to  t h e  to u c h  
w ith  p ro lo n g e d  s t o r a g e .  I t  was p o s s i b l e  to  keep th e  m a t e r i a l  
i n  f a i r l y  good c o n d i t i o n ,  from  th e  p r a c t i c a l  p o i n t  o f  v iew , f o r  
a t  l e a s t  s i x  m onths , the  s t r e n g t h  a t  7 days age showing 
m a t e r i a l  d im in u t io n  a t  th e  h i g h e r  w a t e r - r a t i o s  o n ly .  F re s h  
cement o f  some con sig n m en ts  gave h ig h e r  r e s u l t s  t h a n  th e  
a v e ra g e .  At s to r a g e  p e r io d s  betw een one and  t h r e e  m onths th e  
cement a p p e a re d  to  be i n  th e  m ost s t a b l e  c o n d i t i o n  and th e  
m o r ta r  r e s u l t s  g iv e n  a re  ta k e n  from m ix tu r e s  i n  w hich  cem ents 
from t h i s  s to r a g e  ra n g e  were u se d .
A llow ance b e in g  made f o r  s to r a g e  phenomena, th e  
w r i t e r  found  F e r r o c r e t e  cement to  be rem ark ab ly  u n ifo rm  i n  
q u a l i t y .
The v a lu e  o f  3 .0 5  a d o p te d  f o r  s p e c i f i c  g r a v i t y  may 
a l s o  be c o n s id e r e d  to  show a e r a t i o n  e f f e c t s .  I t  i s  th e  mean 
v a lu e  o b t a in e d  from a  s e r i e s  o f  m easurem ents .
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A g g r e g a te s ; -
P in e  A g g r e g a t e : -  The p r i n c i p a l  a g g r e g a t e s  were sands A and  C. 
Sand A i s  a  d red g e d  g r a n i t e  san d  composed o f  i r r e g u l a r  g r a n i t e  
f ra g m e n ts  w i th  ro u n d ed  e d g e s .  I t  was w e l l  g ra d e d  from  -|H down 
to  m a t e r i a l  p a s s i n g  a  N o .100 s i e v e .  D i f f e r e n t  co n s ig n m en ts  
showed v e ry  l i t t l e  v a r i a t i o n  i n  g r a d in g ,  however, p r a c t i c a l l y  
a l l  o f  t h i s  m a t e r i a l  u se d  i n  t h e  c o n c r e te  t e s t s  r e p o r t e d  h e re  
came from a  s i n g l e  15  cw t. c o n s ig n m en t.
Sand C i s  a  s i l i c e o u s  p i t  send  o f  ro un ded  g r a i n  sh ap e . I t  
c o n ta in e d  a  h ig h  p r o p o r t i o n  o f  f i n e  m a t e r i a l  and was d e f i c i e n t  
in  i n t e r m e d i a t e  s i z e s .  I t  was chosen  to  p ro v id e  a  marked 
c o n t r a s t  to  sa n d  A.
Sand D i s  a l s o  a  s i l i c e o u s  p i t  sand  o f  ro u n d ed  g r a i n  sh a p e .  I t  
i s  composed c h i e f l y  o f  v e ry  f i n e  m a t e r i a l  and was u s e d  h e re  
o n ly  i n  m o r ta r  t e s t s .
The g r a i n  m a t e r i a l s  o f  t h e s e  sands  were o f  s u f f i c i e n t  s t r e n g t h  
to  en su re  t h a t  g r a i n  f a i l u r e  would n o t  p re c e d e  b in d in g  f a i l u r e  
in  th e  m ix tu r e s .
The sands were a l s o  c le a n ,  g i v in g  on ly  a  s l i g h t  d i s c o l o r a t i o n  
when washed and when s u b je c t e d  to  th e  c a u s t i c  soda  t e s t  f o r  
o rg a n ic  im p u r i ty .
C oarse A g g r e g a te s : -
i |H t o  - |H and J-” to  No. 4  c ru s h e d  g r a n i t e  o f  good q u a l i t y .  
tp1 to  -I*1 and f ” to  Ho. 4  s i l i c e o u s  g r a v e l .
down g r a n i t e  g r a v e l  -  t h i s  was s c re e n e d  i n  the  l a b o r a t o r y  
and u se d  i n  g ra d e d  c o n c r e t e s .
S iev e  a n a l y s i s  and  o t h e r  p r o p e r t i e s  o f  th e  a g g re g a te s  a re  
g iv e n  i n  th e  a p p e n d ix ,  page 52 .
M o r t a r s ; -  A l l  m a t e r i a l s  were m easu red  by w e ig h t .  The d r i e r  
m o r ta r s  were mixed on a  s t e e l  p l a t e  and t h e  w e t t e r  i n  a  l a r g e  
bowl. The specim ens were 31 x c y l i n d e r s ,  c a s t  i n  C . I .  
m oulds which had  t h e i r  u p p e r  and lo w e r  f a c e s  m achined p la n e  and 
p a r a l l e l .  The moulds were s e t  on p l a t e  g l a s s  s l a b s  and  th e  
u p p e r  ends o f  th e  c y l i n d e r s  were capped w i th  n e a t  cement p a s t e  
a f t e r  s t i f f e n i n g .  The to p  was sc ra p e d  f l u s h  w ith  t h e  u p p e r
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s u r f a c e  o f  th e  mould a f t e r  t h e  cement had  h a rd e n e d  s u f f i c i e n t l y .  
The b e h a v io u r  o f  t h e  specim ens u n d e r  t e s t  i n d i c a t e d  t h i s  
f i n i s h  to  be s a t i s f a c t o r y .  A f t e r  24 h o u rs  i n  th e  m oulds th e  
specim ens were removed and s t o r e d  i n  w a te r  f o r  7 d ay s ,  
t e m p e r a tu re  5$° to  62° F . They were b ro k en  im m ed ia te ly  a f t e r  
rem oval from the  w a te r  w i th o u t  th e  i n t e r p o s i t i o n  o f  p a c k in g  o f  
any s o r t  between t h e i r  f a c e s  an d  th e  p l a t e n s  o f  th e  m ach ine . 
C o n c r e t e s : -  S o l i d s  w ere m easu red  by w e ig h t  and  th e  w a te r  in  a  
g ra d u a te d  m easu re . The m a t e r i a l s  were m ixed i n  a  m e ta l  t r a y  
3* x 4 f x 4H deep . To a v o id  l o s s  o f  w a te r ,  t h i s  was k e p t  c le a n  
and th e  s u r f a c e  damped by sp o n g in g  o v e r  w i th  a  wet c l o t h  b e fo re  
making e ac h  m ix tu r e .  The spec im en s  were 8M x 4” c y l i n d e r s .  
S i m i l a r  C . I .  moulds were u s e d  and th e  spec im ens f i n i s h e d ,  c u re d  
and  b ro k en  in  th e  same way a s  th e  m o r ta r s .
T e s t i n g : -  The specim ens were t e s t e d  i n  th e  hand o p e r a t e d  o i l  
machine m en tio ned  p r e v i o u s l y .  A number o f  t e s t s  w ere , however, 
d u p l i c a t e d  on a  100-Ton s t e e l y a r d  machine a s  a  check  on th e  
s m a l l e r  m achine .
Each v a lu e  u se d  i s  th e  mean o f  t h r e e  t e s t s .
The c o n c r e t e  and  m o r ta r  t e s t s  were made c o n c u r r e n t ly .  
M o r ta r  v o id s  m easurem ents were a l s o  made c o v e r in g  th e  ra n g e  o f  
m o r ta r s .  As th e  r e d u c t io n s  o f  th e  c o n c r e te  t e s t s  a r e  b a se d  on 
th e  r e s u l t s  o b t a i n e d  f o r  th e  m o r ta r s ,  i t  w i l l  be c o n v e n ie n t  t o  
c o n s id e r  th e  l a t t e r  f i r s t ,  i n  c o n ju n c t io n  w i th  th e  m o r ta r  
v o id s  d a t a .  P a r t i c u l a r s  o f  t h e s e  w i l l  t h e r e f o r e  be g iv e n  now.
MORTARS .
M ortar T e s t s .
M ortar V o id s .
D i s c u s s io n  o f  R e s u l t s  and R e d u c t io n .
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MORTARS.
The p a r t i c u l a r s  o f  t h e s e  t e s t s  a r e  p r e f a c e d  by a 
d iagram  showing t h e  s t r e n g t h s  o f  n e a t  cement a t  v a r i o u s  w a te r  
c o n te n t s .  I t  was d e s i r e d  p a r t i c u l a r l y  to  g e t  f i g u r e s  f o r  t h e  
h ig h e r  w a te r  c o n t e n t s .  F o r  t h e s e ,  rem ix ed  p a s t e s  were u se d  as  
th e  f r e s h l y  m ixed p a s t e s  a r e  u n s t a b l e .  The r e s u l t s  a r e  shown 
p l o t t e d  a g a i n s t  15 an d  th o s e  o f  f i g .  11 a r e  a l s o
In c lu d e d .
The a v e r a g in g  l i n e  conform s to  th e  ^  -  *) ty p e  o f
e q u a t io n .  The v a lu e  14100 l b .  p e r  sq .  i n .  h a s  been  a d o p te d  f o r  
A and O.4 2  f o r  b .
N o t a t io n : -  *  = a b s o lu t e  volume o f  cem ent.
ui = volume o f  e f f e c t i v e  m ix ing  w a te r .
&  » c r u s h in g  s t r e s s  o f  3 ” x l ^ 11 c y l i n d e r s  a t  7 d a y s ,  
w a te r  cu re d .
P a r t i c u l a r s  o f  th e  m o r ta r  t e s t s  a r e  g iv e n  in  f i g s .  16 
to  26. M ixing w a te r  h a s  been  c o r r e c t e d  f o r  a b s o r p t io n  in  a l l  
c a s e s .  As t h e  q u a n t i t i e s  h a n d le d  were sm a ll  i t  was p o s s i b l e  to  
d ry  th e  m a t e r i a l s  f o r  each  mix and so a v o id  c o r r e c t i o n s  f o r  w a te r  
in  a g g r e g a te s .
The s t r e n g t h s  a r e  p l o t t e d  a g a i n s t  5  • The p o i n t s  f o r  
each mix l i e  a p p ro x im a te ly  on a s t r a i g h t  l i n e ,  t h e  s lo p e s  o f  the  
l i n e s  d e c r e a s i n g  w i th  cem ent c o n te n t  and  g r a i n  s i z e  ( i . e .  
d e c r e a s in g  w i th  cement f a c t o r ) .
On each diagram th e  n e a t  cement l i n e  has  been  shown.
Below, t h e  m a t e r i a l s  u se d  a r e  g iv e n ,  numbered f o r  conv en ien ce  in  
r e f e r e n c e .
N o . l  -  Sand A )
11 2 -  “ C ) S c ree n ed  th ro u g h  No. 4  s i e v e .
" 3 -  ” D )
Sand A f r a c t i o n s
No. 4  -  4 /6  s c r e e n in g s  1 p a r t , 28/48  s c r e e n in g s  l p a r t  (by 
" 5 -  " " 2 p a r t s  " " 1 * w t . )« 6 -  h 11 ^ 1 (i n 1 h
" 7 -  28 /48  " 2 " 48 down » 1 "
" 8 - 4 /8
" 9 -  8 /1 4  
"10 -  14/28  
"11 -  28/48
Discussion of t h e s e  r e s u l t s  f o l l o w s  th e  s ta tem en t  o f  
the mortar voids figures.
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MORTAR VOIDS MEASUREMENT S .
The m ethod c o n s i s t e d  i n  f i l l i n g  a  v e s s e l  o f  known 
volume w i th  th e  m o r ta r  to  be t e s t e d .  H aving o b ta in e d  th e  w e ig h t  
o f  t h i s  volume o f  m o r ta r  and  knowing th e  p r o p o r t i o n s  o f  th e  
m ix tu re  and th e  s p e c i f i c  g r a v i t i e s  o f  th e  c o n s t i t u e n t s ,  th e  
volume o f  th e  s o l i d s  can  be o b t a i n e d .  The d i f f e r e n c e  be tw een  
t h i s  q u a n t i t y  and  t h e  volume o f t h e  v e s s e l  g iv e s  th e  v o id s  
( i . e .  th e  sp ace  f i l l e d  by w a te r  and  a i r ) .
As t h e  w a t e r  c o n te n t  o f  a m o r ta r  i s  i n c r e a s e d  a i r  
v o id s  d e c re a s e  and  w a te r  v o id s  i n c r e a s e .  Minimum o r  B a s ic
m o r ta r .
Some t im e  was s p e n t  on p r e l i m i n a r y  t e s t s  o f  m ethods 
o f  p l a c i n g  and ty p e  o f  m e a s u r i n g  v e s s e l ,  s p e c i a l  a t t e n t i o n  
b e in g  p a id  to  b a s i c  v o id s .
g l a s s  specim en tu b e s  l ^ n d ia m e te r  by 4n lo n g .  These tu b e s  
were to o  e a s i l y  b roken  by th e  f i l l i n g  m ethods n e c e s s a r y  f o r  
s t i f f  m ix tu r e s  to  be c o n v e n ie n t  f o r  r o u t i n e  u se  b u t  th e y  
e n a b le d  f i l l i n g  m ethods to  be s t u d i e d .  P o c k e ts  o f  l o o s e  
m a t e r i a l  were o b s e rv e d  to  form r e a d i l y  a t  th e  w a l l s  o f  th e  
v e s s e l  and , i f  due to  s e p a r a t i o n  o f  th e  c o n s t i t u e n t s ,  th e y  were 
v e ry  d i f f i c u l t  to  d i s p e r s e .  I t  was e v id e n t  a l s o  t h a t  u n i f o r m i ty  
i n  m ethods o f  p l a c i n g  had  a  r e s t r i c t e d  v a lu e  when a p p l i e d  to  ]
m ix tu r e s  o f  v a r y in g  t y p e s .  T a lb o t  and R i c h a r t  f i l l e d  t h e i r  j
v e s s e l ,  which w&s 4” cLe qp , i n  t h r e e  l a y e r s ,  ro d d in g  e a c h  l a y e r  ; 
20 t im e s  w i th  a  s q u a re ,  p o i n t e d ,  wooden r o d .  I n  t h e  p r e s e n t  j 
work i f  was foun d  t h a t  g r e a t e r  u n i f o r m i ty  was o b ta in e d  by ro d d in g  
e a c h  l a y e r  t im e s  w i th  a  s i m i l a r  im plem ent. A lso  s p e c i a l  
c a re  was ta k e n  to  a v o id  s e p a r a t i o n ,  each  l a y e r  b e in g  in t r o d u c e d  1 
i n  s m a l l  q u a n t i t i e s  which were sp re a d  and  p r e s s e d  i n t o  p la c e  
w i th  p i e c e  o f  s t e e l  b a r  c u t  sq u a re  a t  the  end . T h is  
d e p a r t u r e  from T a lb o t  and R i c h a r t 1s p ro c e d u re  was j u s t i f i e d  a s
v o id s  o c c u r  u s u a l l y  a t  a w a te r  c o n te n t  g i v in g  a  s t i f f - p l a s t i c
A number o f  a g g r e g a t e s  were i n v e s t i g a t e d ,  u s in g
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i t  was n o t  in te n d e d  to  u se  t h e i r  methods o f  a p p ly in g  th e  r e s u l t s .  
For r o u t in e  work m e ta l  v e s s e l s  were t r i e d ;  an aluminium  c y l i n d e r  
about 3 M deep was f i n a l l y  adop ted  a s  i t  combined l i g h t n e s s  and  
r i g i d i t y .
P rocedure was on th e  l i n e s  f o l lo w e d  by T a lb o t  and 
R ic h a r t .  In d e a l i n g  w i t h  an a g g r e g a t e ,  th e  r i c h e s t  m ortar ,  
u s u a l ly  l / l  by w e ig h t ,  was ta k en  f i r s t .  T h is  was m ixed on a  
m etal p l a t e ,  u s in g  a w ater  c o n t e n t  l e s s  than  b a s i c .  The mould  
was f i l l e d  and w eigh ed  and th e  c o n t e n t s  r e tu r n e d  to  th e  b a tc h .
This was rem ixed  and mould f i l l i n g  and w e ig h in g  r e p e a t e d .  I f  th e  
two w e ig h ts  compared s a t i s f a c t o r i l y ,  th e  mean was ta k e n ,  i f  n o t ,  
a t h ir d  d e te r m in a t io n  was made.
A d d it io n a l  w ater  was th e n  added and th e  w e ig h t  o f  t h e  f i l l e d  
mould d eterm in ed  a s  b e f o r e .  For f u r t h e r  measurement a t  t h i s  
a g g r e g a te -c e m e n t  p r o p o r t io n ,  a f r e s h  b a tc h  o f  m ortar was made up I 
as e v a p o r a t io n  l o s s  g e n e r a l l y  became ap p aren t a f t e r  fo u r  f i l l i n g s  
o f  the  m oulds. T h is  was checked by o v e r la p p in g  some o f  th e  
b a tc h e s .
The whole p roced u re  was r e p e a te d  f o r  o th e r  a g g r e g a te -c e m e n t  
r a t i o s .
The b a la n c e  a v a i l a b l e  w eigh ed  from one pound to  0 .0 0 1  j 
lb .  In th e  c ir c u m s ta n c e s ,  th e  u n i t s  o f  w e ig h t  were q u i t e  
im m a ter ia l .  For c o n v e n ie n c e  in  r e d u c t io n ,  u n i t  volume was ta k en  
as th e  volume o f  1 l b .  o f  w ater a t  la b o r a to r y  te m p era tu re .  The 
w eight o f  th e  empty v e s s e l  was 0 . 1 1 5  l b .  and about 0 . 8  l b .  f i l l e d  
w ith  m ortar. A d i f f e r e n c e  o f  0 .0 0 1  l b .  due t o  a d i f f e r e n c e  in  
th e  q u a n t i t y  o f  s o l i d s  r e p r e s e n t s  a volume d i f f e r e n c e  o f  0 . 0 0 0 3 7 > 
assum ing an a v era g e  s p . g r .  o f  2 . 7 .  The minimum v o id  c o n te n t  o f  
mortar in  th e  v e s s e l  was about 0 .0 8  so t h a t ,  a t  th e  w o r s t ,  0 .0 0 1  
l b .  d i f f e r e n c e  due t o  p a c k in g  v a r i a t i o n s  r e p r e s e n te d  an e r r o r  o f  
about 0 . 2 $  in  v o id s .  T hese  d i s c r e p a n c ie s  were u s u a l l y  w e l l  under  
0 .0 0 5  l b .  I f  o v e r ,  a d d i t i o n a l  d e te r m in a t io n s  were made.
)
t
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R e d u c t io n  o f  M o r ta r  V o ids  O b s e r v a t io n s *
A b so lu te  volume o f  sand i n  b a tc h  » cl 
" " 1 cement ss. c,
v
* Volume o f  g r o s s  m ix ing  w a te r  =• \ tos
y
i'
W eight o f  sand  s  W9 
" cem ent »  Wc 
" " w a te r  «
E f f e c t iv e "
Wt. o f  m o r ta r  f i l l i n g  mould » M ,
Volume o f  mould » P
" " b a t c h  * (Ws + +
w a te r  a b so rb e d  by a g g re g a te  -  ^  
cem ent i n  u n i t  v o l .  o f  m o r ta r  




" " " w a te r  " " " " » io'= toA
V oids p e r  u n i t  v o l .  o f  m o r ta r  »  t/'~
A ir  v o id s  " " 1 1 **
V oids a t  b a s i c  w a te r  d e n o te d  by ^
I n  th e  specim en t a b l e  o f  r e d u c t i o n s ,  f i g . 27 , th e
p ro c e d u re  has  been  v a r i e d  by making th e  a b s o r p t io n  c o r r e c t i o n s
9
a f t e r  r e d u c t io n  to  volumes p e r  u n i t  volume o f  m o r ta r .  t
The e s s e n t i a l  i n f o r m a t io n  o b t a i n e d  from m o r ta r  v o id s
t e s t s  o f  th e  m o r ta r  a g g r e g a te s  i s  shown i n  t h e  d iagram s headed
"V oids p e r  u n i t  v o l .  o f  m o r ta r " ,  f i g s . 27 t o  37*
Curves f o r  fi a r e  a l s o  shown. c.
I t  w i l l  be n o te d  t h a t  a i r  v o id s  a r e  p r e s e n t  i n
a p p r e c i a b le  amounts a t  w a te r  c o n te n t s  c o n s id e ra b ly  h ig h e r  th a n  
b a s i c .  T h e i r  p e r s i s t e n c e  i s  e s p e c i a l l y  marked i n  t h e  f i n e r  sands, 
F ig s .  29, 33 & 37. S t r e n g th  t e s t s  f o r  th e  m a t e r i a l  o f  F i g . 37 
(48 /IOO) a re  n o t  in c lu d e d .  A few were made bu t a s  th e y  showed no 
s p e c i a l  c h a r a c t e r i s t i c s  and a s  th e  s i e v i n g  o f  such  f i n e  f r a c t i o n s  
to o k  c o n s id e r a b le  time., i t  was n o t  c o n s id e r e d  w o rth  w h i le  to  
com ple te  th e  s e r i e s .
-  27 -
DISCUSSION OF MORTARS.
F ig s .  16 to  26 show t h a t  m o r ta r  s t r e n g t h  may he 
above o r  below n e a t  cement s t r e n g t h  f o r  th e  same w a t e r - r a t i o .  
T h is  m igh t be due to  some i n d i r e c t  e f f e c t .  T e n s i l e  s t r e n g t h ,  
f o r  i n s t a n c e ,  m ig h t be e x p e c te d  to  be a f f e c t e d  by th e  cem ent 
f a c t o r ,  i f  t h e  bond betw een a g g r e g a te  a n d  b in d in g  i s  l e s s  s t r o n g  
th a n  t h e  a g g re g a te  i t s e l f .  T here  a r e  o b v io u s  d i f f i c u l t i e s  I n  
a p p ly in g  such  an e x p la n a t io n  to  t h e  e f f e c t s  shown I n  f i g s . 16 
to  26 .
Here i t  i s  i n t e n d e d  to  work on th e  a s su m p tio n  t h a t  
s t r e n g t h  o f  th e  m ix tu re  i s  e n t i r e l y  d e p en d e n t  on th e  s t r e n g t h  
o f  th e  b in d in g  and  to  e n d eav o u r  to  f i n d ,  i n  th e  o b s e rv e d  
i n e q u a l i t i e s  o f  t h e  b in d in g ,  an  e x p la n a t i o n  o f  th e  s t r e n g t h  
phenomena.
The b i n d in g  i n  m o r ta r s  i s  n o t  a  u n ifo rm  mass o f  
d e n s i ty  c o n t r o l l e d  by th e  w a t e r - r a t i o ,  b u t  an  a g g r e g a t io n  o f  
e le m e n ts  o f  g r e a t e r  and l e s s  d e n s i ty  t h a n  th e  mean. To p u rsu e  
t h i s  i d e a  f u r t h e r ,  c o n s id e r  a  specim en o f  b in d in g  o f  h e ig h t  \  
and  o f  u n ifo rm  c r o s s - s e c t i o n a l  a r e a .  Assuming t h a t  th e  a i r  
v o id s  i n  th e  p a s t e  a r e  o f  n e g l i g i b l e  amount, th e  c r o s s - s e c t i o n a l  
a r e a  o f  th e  specim en w i l l  b e g , where c* and  uj a r e  th e  
a b s o l u t e  volumes o f  cement and  w a te r  u s e d  i n  i t s  m a n u fa c tu re .
As b in d in g s  have been  o b se rv e d  to  obey th e  s t r e n g t h  law
down t o f c  -  O'42. , t h e  c ru s h in g  l o a d  L f o r  th e  
spec im en  w i l l  be g iv e n  by * * fr* a -  l )  w i t h i n  th e  same l i m i t .
Now l e t  th e  w a te r  be assumed to  c o n c e n t r a t e  a t  
v a r i o u s  p o i n t s  u n i fo rm ly  d i s t r i b u t e d  th ro u g h o u t  th e  p a s t e ,  and , 
f o r  d i s c u s s i o n ,  assume t h a t  th e  r e s u l t  i s  to  d iv id e  t h e  b in d in g  
i n t o  two com ponents, one o f  u n ifo rm  h i g h e r  w a t e r - r a t i o  and  th e  
o t h e r  o f  a  u n ifo rm  lo w er  one . A c r o s s - s e c t i o n  w i l l  c u t  a r e a s  
o f  t h e  r e s p e c t i v e  p a s t e s  which a r e  p r o p o r t i o n a l  to  t h e i r  
volum es and th e  r e s u l t a n t  c ru s h in g  lo a d  w i l l  be assum ed to  be 
t h e  Siam o f  th e  q u a n t i t i e s  o b t a in e d  by m u l t i p ly i n g  t h e s e  a r e a s
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by t h e i r  r e s p e c t i v e  c r u s h in g  s t r e s s e s .  The l a s t  s t a te m e n t  
assum es t h a t  th e  u l t i m a t e  s t r a i n s  o f  th e  p a s t e s  a r e  e q u a l .
T h is  a p p e a rs  to  be j u s t i f i a b l e .
Two c a s e s  w i l l  r e q u i r e  to  be c o n s i d e r e d : -
(1) When th e  w a t e r - r a t i o  o f  t h e  w eaker component i s  above 0*42 .
( 2 ) When th e  w a t e r - r a t i o  o f  th e  w eaker component i s  below  0*42.
Case ( l ) . L e t  th e  p a s t e  be assum ed to  d i v id e  i n to  two f r a c t i o n s
r  and ( / - r )  and  l e t  a  volume o f  w a te r  ^ be t r a n s f e r r e d  from 
one t o  th e  o t h e r ,
S t r o n g e r  com ponent. W eaker com ponent.
S e c t i o n a l  a r e a : -  ^  ~ J  ~sX X
Clement: - c-r c ( / - r ) _
W ater u' - s +s
C r u s h in g : -  » [ ( * * ' % ' - '  . { &  - I}] { - f f f c - l } ]
S t r e s s
D en o tin g  th e  mean c ru s h in g  s t r e s s  on th e  s e c t i o n  by *S*
T h is  r e d u c e s  to  ,
^  m (cl -* utj (uir- sj fui - (oor — sJ ^
Case 2 . Here i t  w i l l  be assum ed t h a t  a  volume o f  w a te r  s  , i s  
r e j e c t e d  from th e  p a s t e ,  p ro d u c in g  w a te r  v o id s  o f  ze ro  s t r e n g t h ,  
and  t h a t  th e s e  v o id s  a r e  u n i fo rm ly  d i s t r i b u t e d  th ro u g h o u t  th e  
p a s t e .  By r e a s o n in g  s i m i l a r  to  t h a t  em ployed p r e v i o u s ly ,
f5(c+u>) = [ (c  _ zjJ
g i v i n g  f i n a l l y ,
d  * * {% ,(<  ' -u t* -  S ( ' -c?z>)}
These e q u a t io n s  a r e  b a se d  on s i m p l i f y i n g  a s su m p tio n s  
b u t  th e y  a r e  s u f f i c i e n t l y  r e p r e s e n t a t i v e  o f  c o n d i t i o n s  to  
i n d i c a t e  t h a t  a  p a s te  which h a s  u n ifo rm ly  d i s t r i b u t e d  v a r i a t i o n s  
i n  d e n s i t y  w i l l  be s t r o n g e r  th a n  th e  c o r r e s p o n d in g  mean p a s t e .  
They a r e ,  i n  any c a s e ,  l i m i t e d ,  a s  th e y  do n o t  a l lo w  f o r
i n c lu d e d  a i r .  A i r  i s  p r e s e n t  i n  the  u p p e r  ra n g e s  o f  t h e s e
T t)i$  a s s u m p t i o n  O.nt'ito^e.s fOir<jh/y S p h erica l inc-tus/ons o f  W ea k er p o tf c  to 
m * s s  o f  s f r o n q c j t )  in  C a s e . X .
V .M .
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m o r ta r s  and  a l s o  i n  n e a t  p a s t e s  o f  ih  v a lu e s  g r e a t e r  th a n  
a b o u t  0 *9 , i n d i c a t i n g  t h a t  t h e  e q u a t io n  - i )  i s  n o t
e n t i r e l y  a  d e n s i t y - s t r e n g t h  r e l a t i o n .  I t  i s  th o u g h t ,  however, 
t h a t  th e  co n seq u e n ce s  o f  b in d in g  i n e q u a l i t i e s  have been  
i n d i c a t e d  f o r m a l ly .
I n s p e c t i o n  o f  f i g s .  16 to  26 i n d i c a t e s  t h a t  th e
c/s t r e n g t h  d i f f e r e n c e ^  betw een a  m o r ta r  and  th e  c o r r e s p o n d in g  
p a s t e  w i l l  be g iv e n  by an  e q u a t io n  o f  th e  t y p e ,
d  -  * ( * - & )
where /T i s  t h e  d i f f e r e n c e  be tw een  th e  s l o p e s  o f  th e  m o r ta r  
and  n e a t  cement l i n e s  and  K  t h e  & v a lu e  a t  w hich  m o r ta r  and  
n e a t  s t r e n g t h s  a r e  equal*
The c o r r e s p o n d in g  d i f f e r e n c e  f o r  c a s e  1 i s ,
c/  a . -£_________ ____________
*** c  (co r- s j f  uj -  (cor -  s j
and  f o r  c a se  2 ,
~ ^  co { c ^ c o  * c f - s  J '
I t  a p p e a re d  t h a t  a  c l o s e r  e x a m in a t io n  o f  t h e s e  
e q u a t io n s  would be j u s t i f i e d  o n ly  i f  some means c o u ld  be found  
o f  e s t i m a t i n g  ^  , th e  w a te r  c o n te n t  c o r r e s p o n d in g  to  o f  
t h e  f i r s t  e q u a t io n  and  zero  s  v a lu e s  o f  the  second  and th i r d *
I f  no a i r  i n c l u s i o n s  a r e  p r e s e n t  t h i s  m ig h t be e x p e c te d  to  
e q u a l  b a s i c  v o i d s .  I n  f i g s .  16 to  26 th e  g  v a lu e s  a t  w hich  
m o r ta r  and n e a t  s t r e n g t h s  a r e  e q u a l  have b e en  t a b u l a t e d .  
R e fe re n c e  to  f i g s .  27 to  J6 shows t h a t  c o r r e s p o n d in g  if s a r e  
l a r g e r .  Due to  a i r  I n c l u s i o n s  may be l e s s  th a n  b a s i c  v o id s
f o r  t h e  m ix. T here  i s  however a  g e n e r a l  c o rre sp o n d e n c e  betw een 
a n d  i£. i n  w h ich , however, th e  i n f lu e n c e  o f  g r a d in g  i s  
e v i d e n t .  No r e l a t i o n  s u f f i c i e n t l y  c lo s e  to  be o f  v a lu e  was n o te d .
D is c a r d in g  th e s e  e q u a t io n s ,  t h e r e f o r e ,  a s  I n d i c a t i o n s  
f o r  t h e  c o n s t r u c t i o n  o f  an  e x p r e s s io n  c o n n e c t in g  s t r e n g t h  w i th  
m ix tu r e  c h a r a c t e r i s t i c s ,  t h e  r e s u l t s  were exam ined f o r  o t h e r  
p o s s i b i l i t i e s .  I t  was n o te d  t h a t  the  s lo p e s  o f  th e  l i n e s  
a p p e a re d  to  b e a r  some r e l a t i o n  to  th e  c o n s t a n t  Z i n t e r c e p t e d  
on th e  a x i s .  These  c o n s t a n t s  and a l s o  t h e  s lo p e s  o f  th e  
l i n e s  a r e  shown t a b u l a t e d  i n  f i g s .  16 t o  26 . S lo p e s  a r e
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p l o t t e d  a g a i n s t  th e  c o n s t a n t s  i n  f i g .  38* a v e r a g in g
l i n e  ru n s  from th e  v a lu e  f o r  n e a t  cem ent to  t h e  o r i g i n ,  
i n d i c a t i n g  d i r e c t  p r o p o r t i o n a l i t y .  Some o f  th e  p o i n t s  a r e  
c o n s id e r a b ly  o f f  t h e  l i n e ;  how ever t h e s e  e r r a t i c  v a l u e s  r e l a t e  
to  abnorm al m ix tu r e s ,  a s  i n d i c a t e d  by th e  n o t e s  on th e  d iag ram . 
Sand D i n  p a r t i c u l a r  d iv e r g e s  c o m p le te ly  i n  l e a n  m ix tu r e s .  
A b n o rm a li ty  may be e x p e c te d  h e r e  a s  t h i s  san d  c o n ta in e d  a  
r e l a t i v e l y  h ig h  p r o p o r t i o n  o f  g r a i n s  o f  s i z e s  com parab le  w i th  
t h o s e  o f  th e  cem ent g r a i n s .
The a s su m p tio n  t h a t  t h e  £ v a lu e s  a r e  d i r e c t l y  
p r o p o r t i o n a l  to  th e  s lo p e s  i s ,  t h e r e f o r e ,  th o u g h t  to  be 
p e r m i s s i b l e .
W ith  r e g a r d  to  t h e  s l o p e s ,  t h e  maximum v a lu e s  o c c u r  
w i th  n e a t  cement and  d im in is h  g e n e r a l l y  w i th  cement f a c t o r .  
V a r io u s  f a c t o r s  were exam ined f o r  c o r re s p o n d e n c e .  The b e s t  
a p p e a re d  to  be ^  . The q u a n t i t y  m ig h t  be r e g a r d e d  a s  a
m easure  o f  th e  c o n s t r a i n t  to  w hich  th e  cem ent i s  s u b j e c t e d  i n  
i t s  p o s i t i o n  i n  th e  v o id s  o f  th e  a g g r e g a t e .  Here fc  r e p r e s e n t s  
b a s i c  v o id s  f o r  n e a t  cem ent, g i v in g  th e  c o n s t r a i n t  u n i t y  f o r  
t h i s  m a t e r i a l .  The i n t r o d u c t i o n  o f  a g g r e g a t e ,  by im po s ing  an 
a rra n g e m e n t  on th e  cement g r a i n s  i n  c o n t a c t  w i th  i t s  s u r f a c e s ,  
i n c r e a s e s  th e  b a s i c  v o id s  and t h e  c o n s t r a i n t .  T h is  w i l l  a p p ly  
a s  lo n g  a s  th e  cem ent i s  s u f f i c i e n t  to  f i l l  th e  v o id s  b u t  i t  
may r e p r e s e n t  c o n d i t i o n s  beyond t h i s  p o i n t  a p p ro x im a te ly .  P i g .40  
shows g r a p h i c a l l y  t h e  s t a t e  o f  a  3 t o  1 m o r ta r  o f  sa n d  A i n  
t h i s  r e s p e c t .  The \/7 l i n e  and  c o n s t r a i n t  a r e  shown on a  
m o d i f i c a t i o n  o f  th e  ty p e  o f  d iagram  w hich  t h e  w r i t e r  b e l i e v e s  
was f i r s t  u se d  by R i c h a r t  and  B au er .
S lo p e s  a r e  shown p l o t t e d  a g a i n s t  % i n  f i g .  39*
Here a g a in  t h e r e  a r e  e r r a t i c  p o i n t s  c o r r e s p o n d in g  g e n e r a l l y  
w i t h  th o s e  o f  f i g .  38 th e  more norm al m ix tu re s  a r e  
a v e r a g e d  f a i r l y  w e l l  by th e  cu rve  which h a s  been drawn. T here  
were i n d i c a t i o n s  t h a t  a  s im p le r  r e l a t i o n  would  be o b ta in e d  I f  
s lo p e  d i f f e r e n c e ,  fi - a * were p l o t t e d  a g a i n s t
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Here /? »  s lo p e  o f  n e a t  cem ent l i n e ,
-  11 u m o r ta r  w
^  s  e x c e s s  o f  b a s i c  v o id s  f o r  m o r ta r  o v e r  b a s i c  v o id s  f o r  
n e a t  cem ent.
a ^  where b a s i c  v o id s  i n  n e a t  cement j
d i v id e d  by t h e  a b s o l u t e  volume o f  th e  cem en t.
V a lu es  f o r  £ r a n g in g  from 0*765 f o r  maximum c o n s o l i d a t i o n  to
0*84 f o r  c o n s o l i d a t i o n  by T a lb o t  and  R i c h a r t 1s m ethods, had
been  o b t a i n e d .  I t  was th o u g h t  d e s i r a b l e  t h e r e f o r e  t o  o b t a i n  !
g from  th e  r e s u l t s  shown i n  f i g .  39. A c c o rd in g ly  i f ( f i g . 4 1^
//? - * ) £ -  i s  p l o t t e d  a g a i n s t  . A s t r a i g h t  l i n e  i s  o b t a in e d ,c
r e p r e s e n t e d  by t h e  e q u a t io n ,  |
( A  - * ' ) % -  -  / S 6 O 0  { % ■  -  0  2}
T h is  g i v e s  th e  v a lu e  0*8  f o r  $ •
T h e r e f o r e ,  ( 4 - *  ts’zoo^-
• . A  a /4 /CO  —  /£T6Oo -&r- J W se .rh "n j f ’fjts o t 0  fro m  A y ./S ’
» /4/00 ( f -  J
Or, r e p l a c i n g  / - / . / / ^ .  by Az
4} ' *r /4/OOM.
I n  th e  e q u a t io n  f o r  s t r e n g t h ,  &  = #'(%  - Z') i t  h a s  been
s u g g e s te d  on th e  p r e v io u s  page t h a t  I '  i s  d i r e c t l y  p r o p o r t i o n a l  
t o  , and th e  e q u a t io n  may t h e r e f o r e  be r e w r i t t e n .
, 5  •  14/00  /< (c^  -  o  + z k )
w here / 4-/00 and  0 -4-2. a r e  r e s p e c t i v e l y  th e  s lo p e  and  th e  
c o n s t a n t  f o r  n e a t  cem ent.
A lth o u g h  th e  a ssu m p tio n  o f  th e  dependence o f  
s t r e n g t h  on b in d in g  i n e q u a l i t i e s  h a s  been  u s e d  i n  s e l e c t i n g  th e  
f a c t o r s  f o r  t h i s  fo rm u la ,  th e  v a l i d i t y  o f  th e  fo rm u la  i s  i n  no 
way a f f e c t e d  by the  t r u t h  o r  e r r o r  o f  th e  a ssu m p tio n ..
The fo rm u la  r e p r e s e n t s  a  c o m b in a t io n  o f  T a lb o t  and
1
R i c h a r t 1s ,  Bolomey*s and  o t h e r  m ethods and  must s t a n d  o r  f a l l  
by i t s  c o rre sp o n d e n c e  w i th  o b se rv e d  r e s u l t s .  The r e a s o n in g  i s  j 
an e n d eav o u r  to  make i t  r a t i o n a l  r a t h e r  th a n  e m p i r i c a l .
\E stim a tio n ,  o f  B a s ic  V o id s .
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E s t im a t i o n  o f  B a s ic  V o id s .
To a p p ly  t h e  fo rm u la  e v o lv e d  to  t h e  c o n c r e te  t e s t s  
w hich  had  been made i t  was n e c e s s a r y  to  o b t a i n  b a s i c  v o i d s ,  
f o r  t h e  m ix tu r e s u s e d .  V a lu es  were o f  c o u rs e  o b t a i n a b l e  f o r  the  
m o r ta r s  o f  sand s  A and  C b u t  i t  was n o t  e v id e n t  t h a t  t h e s e  
a p p ly  to  th e  m o r ta r s  i n  p o s i t i o n  i n  th e  a g g re g a te  v o i d s .
In  d i s c u s s i n g  th e  a p p l i c a t i o n  o f  t h e i r  m ethods,
T a lb o t  and  R i c h a r t  s u g g e s t ,  w i th  r e s e r v a t i o n s ,  t h a t  m o r ta r  
v o id s  i n  c o n c r e t e s  may be assum ed th e  same a s  th o s e  o f  s i m i l a r  
i s o l a t e d  m o r ta r s .  The r e s e r v a t i o n s  a p p e a r  to  be o f  p a r t i c u l a r  
im p o r ta n c e  w i th  r e f e r e n c e  to  v o id s  a t  b a s i c  w a te r  c o n t e n t .
The i m p l i c a t i o n  t h a t  t h e  s t r e n g t h  o f  a  c o n c r e t e  e q u a l s  the  
s t r e n g t h  o f  th e  c o r r e s p o n d in g  m o r ta r  i s  n o t  s u p p o r te d  by 
e x p e r im e n ta l  work which h a s  been  done. M o r ta r  s t r e n g t h  may 
e x ceed  c o n c r e te  s t r e n g t h  o r  f a l l  s h o r t  o f  i t .  I t  may be t h a t  
th e  s t r e n g t h  o f  a  c o n c r e te  i s  t h a t  o f  th e  m o r ta r  w hich  i s  
p r e s e n t  i n  t h e  v o id  sp a c e s  b u t  t h i s  m o r ta r  may d i f f e r  v e ry  
m a t e r i a l l y  from an i s o l a t e d  m o r ta r  composed o f  th e  same sand , • 
cem ent and  w a te r  p r o p o r t i o n s .  D i r e c t  m easurem ent o r  
c a l c u l a t i o n  o f  b a s i c  v o id s  f o r  e ac h  c o n c r e t e  a p p e a re d  to  be 
n e c e s s a r y  t h e r e f o r e .
M easurem ent o f  b a s i c  v o id s  f o r  c o n c r e t e s  can  be 
c a r r i e d  o u t  i n  th e  same way a s  f o r  m o r ta r s .  A l a r g e r  m ea su r in g  
v e s s e l  i s  r e q u i r e d ;  p ro b a b ly  th e  Am erican r u l e  f o r  th e  minimum 
d ia m e te r  o f  co m p ress io n  c y l i n d e r s  ( d i a m e te r  a t  l e a s t  f o u r  t im e s  
t h a t  o f  the  l a r g e s t  a g g re g a te  frag m en t)  w ould  s e rv e .  The 
m ethod o f  p l a c in g  would r e q u i r e  i n v e s t i g a t i o n .
Fo r  th e  p r e s e n t  work i t  a p p e a re d  d e s i r a b l e  to  t r y  to  
ev o lve  some method o f  e s t i m a t i n g  b a s i c  v o i d s .
T here  were two r e a s o n s  f o r  t h i s .
Cl) A v a r i e t y  o f  a g g re g a te  c o m b in a t io n s  had  been u se d  and  much 
tim e  would have been  consumed and  some d i f f i c u l t y  e x p e r ie n c e d  
i n  r e p e a t i n g  a l l  o f  t h e  m ix tu r e s .
( 2) i t  was d e s i r e d  to  g e t  th e  r e s u l t s  i n t o  some form which
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m ight be u s e f u l  i n  p r a c t i c e  and i t  i s  t h o u g h t  t h a t  th e  
e l i m i n a t i o n  o f  m o r ta r  v o id s  m easurem ents  i s  a  s t e p  i n  t h i s  
d i r e c t i o n .
T h is  p rob lem  was a p p ro a c h e d  by v o id s  m easurem ents  on 
c o m b in a t io n s  o f  sand  A f r a c t i o n s ,  some d ry ,  o t h e r s  w e t .  As 
f a r  a s  t h e  w r i t e r  c o u ld  a s c e r t a i n  t h e r e  a p p e a re d  to  be no 
s o l u t i o n  a v a i l a b l e  to  s u i t  t h e  r e q u i r e m e n ts .  Som ething on th e  
l i n e s  o f  th e  sw e l l  f a c t o r ,  u s e d  by P u m a s  ^Ln h i s  c a r e f u l  and 
e l a b o r a t e  i n v e s t i g a t i o n  o f  g r a d in g  f o r  maximum d e n s i t y ,  would 
have s e r v e d  b u t  he o n ly  r e f e r s  to  t h i s  f a c t o r  c a s u a l l y  a s  a  
f i g u r e  to  be d e te rm in e d  e x p e r im e n ta l ly .  Here i t  i s  n o t  d e s i r e d  
to  go i n t o  t h e  g e n e r a l  q u e s t io n  o f  g r a d in g ,  so th e  r e l a t i o n s  
o b s e rv e d  a re  s t a t e d  and com parison  o f  o b s e rv e d  and c a l c u l a t e d  
v a lu e s  p r o v id e d  i n  j u s t i f i c a t i o n .
Symbols u s e d : -  A b s o lu te  volume o f  c o a r s e  m a t e r i a l  s  ac
V oids i n  c o a r s e  m a t e r i a l  a  ^
a*
A b s o lu te  volume o f  f i n e  m a t e r i a l  »
V o ids  i n  f i n e  m a t e r i a l' ' " 1 ' =
V o ids  i n  m ix tu re  o f  a.+a, m i /
** + °f-
To p r e s e n t  t h e  in f o r m a t io n  i n  a  c o n v e n ie n t  form, l e t  
be p l o t t e d  a lo n g  PQ, and  * v e r t i c a l l y ,  f i g .  42*
On th e  a ssu m p tio n  o f  no s w e l l ,  i/ w i l l  be g iv e n  by th e  l i n e  AO 
from P to  C1. At t h i s  p o i n t  t h e  v o id s  i n  t h e  c o a r s e ,  %ac , w i l l  
be j u s t  f i l l e d  by th e  f i n e  w i th  i t s  v o i d s .
/•<=. <2 1/ zz *4) , •• &  - ** Or _J*£.
Beyond O’ , v o id s  a r e  g iv e n  by l i n e  CE. f o r  no s w e l l .
The c u rv e s  marked 4 / 8 ,  8 / 1 4 , 1 4 /2 8  and 28/48  Show 
th e  v o id s  o b ta in e d  on m ix ing  th e s e  f r a c t i o n s  o f  sand  A a s  
m a t e r i a l s ,  w i th  v a ry in g  p r o p o r t i o n s  o f  th e  48 /IOO f r a c t i o n  a s  <s^ .
• M o r ta r  v o id s  m ethods were u s e d .  Most o f  th e  m ix tu r e s  
were d ry .  A p o i n t  which i t  i s  d e s i r e d  to  s t r e s s  i s  t h e  extrem e 
d i f f i c u l t y  o f  p r e v e n t in g  s e p a r a t i o n  in  11 w e l l  g ra d e d ” o r  h a r s h  
mixes ( i . e .  m ix tu r e s  i n  w hich , a t  some p o i n t ,  th e  f i n e  m a t e r i a l
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i s  no more t h a n  s u f f i c i e n t  to  f i l l  t h e  v o id s  i n  th e  c o a r s e r ) . 
With such  m ix tu r e s ,  ro d d in g  o r  sh a k in g  was fo u nd  t o  r e s u l t  o n ly  
i n  s e p a r a t i o n .  The b e s t  p ro c e e d u re  a p p e a re d  to  be th e  
i n t r o d u c t i o n  o f  th e  m a t e r i a l  i n  sm a ll  q u a n t i t i e s  w hich  were 
s p r e a d  and p r e s s e d  i n t o  p o s i t i o n  w i th  th e  f i n g e r s .  Some o f  th e  
h a r s h  m ix tu re s  were im proved by th e  a d d i t i o n  o f  s u f f i c i e n t  
w a te r  to  make them c o h e r e n t .  These were t r e a t e d  by th e  u s u a l  
m o r ta r  v o id s  m ethods. The d o t t e d  p a r t s  o f  the  c u rv e s  shown i n  
f i g . 42 were o b t a i n e d  i n  t h i s  way and th e  r e s u l t s  i n d i c a t e  
im proved  d i s t r i b u t i o n  o f  th e  f i n e  m a t e r i a l s .  S i m i l a r  r e s u l t s  
were o b t a i n e d  f o r  - |” / 4 » 4 / 8 , 8 /1 4  and  1 4 /2 8  a s  c o a r s e  and  
28/48  a s  f i n e  and  w i th  o t h e r  c o m b in a t io n s  o f  two s i z e s .
The o r d i n a t e  d i f f e r e n c e s  be tw een  th e  t a n g e n t s  ER to  
th e  v o id s  c u rv e s  a t  E f i g . 42 and th e  l i n e  PE, w hich  w i l l  be 
r e f e r r e d  to  a s  th e  t a n g e n t  s w e l l s ,  t ,  i n c r e a s e  a s  th e  g r a i n  
s i z e s  become more n e a r l y  e q u a l .  F o r  ^ v a lu e s  down to  0*5
t h e  v o id s  c u rv e s  f o l lo w  th e s e  t a n g e n t s  c l o s e l y .  I t  i s  su g g e s te d  
t h a t  s w e l l s  o v e r  t h i s  ran ge  a r e  due p r i n c i p a l l y  to  c o n s t r a i n t  
o f  th e  f i n e  p a r t i c l e s  a t  th e  s u r f a c e s  o f  th e  c o a r s e .
T angen t s w e l l s ,  t  a r e  g iv e n  c l o s e l y  by, t  oh, s* ./
af.
S u r fa c e  a r e a  o f  1 ins*  ( a b s o l u t e  v o l . )  o f  c o a r s e .
Diam. o f  c o a r s e  g r a i n  -  ^4
w 11 f i n e  n = ^
m i s  a  f a c t o r  d ep en d ing  on g r a i n  shape and  
d ia m e te r .
The v a lu e  m  ^  was o b t a in e d  f o r  t h e  sand  A fra g m en ts  and i t
appeared  t o  a p p ly  a l s o  t o  th e  o t h e r  f i n e  a g g r e g a t e s  u s e d .
•jf;
E o te  on S u r fa c e  A re a . An a b s o l u t e  volume o f  c u b ic  in c h e s  o f  
m a t e r i a l  o f  u n i  f o r a  s p h e r i c a l  g r a i n s  o f  d ia m e te r  of h a s  a  
s u r f a c e  a r e a  ^  . F l a t t e n e d  o r  e lo n g a te d  g r a i n s  may have a  
c o n s id e ra b ly  l a r g e r  s u r f a c e  a r e a ;  i n  t h e s e  c a s e s  s t a t i s t i c a l  
d ia m e te r  may be a d o p te d  w i th  ad v an tag e  b u t  th e y  a r e  n o t  o f  
g r e a t  im po rtance  i n  c o n c e r te  work a s  t h e s e  shapes  a r e  avoided*
Here, a l l  th e  f i n e  a g g r e g a te s  had rounded fragm en ts  o f  s im i l a r
m P™  * n s  tvc. a o o o u n f-  o f  t*orl* oton*- o n  / 3j ; , o c S je c .f  v*i/l be hounof in Heytvootf-s 
m o n t / i n e d  on f»ooe. S 6  .
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sh ap es  and  th e y  have "been c o n s id e r e d  s p h e r i c a l .  The s u r f a c e  
a r e a s  o f  t h e  c ru s h e d  g r a n i t e s  u se d  in  some o f  the  c o n c r e t e s  
have been assumed 501° g r e a t e r  th a n  g iv e n  by th e  s p h e r i c a l  
a s su m p t io n .  P a r t i c u l a r s  o f  th e  san d  A f r a c t i o n s  a r e  g iv e n  i n  
th e  u p p e r  t a b l e ,  f i g . 4 4 -
In  f i g . 43 b a s i c  m o r ta r  v o id s  f o r  sand  A f r a c t i o n s  
and r a p i d  h a rd e n in g  cem ent a r e  shown. The v o id s  g iv e n  by 
c o r re s p o n d in g  d ry  m ix tu r e s  a r e  l a r g e r .  As no e s s e n t i a l  
d i f f e r e n c e  a p o e a rs  betw een t h e s e  r e s u l t s  and th o s e  o f  th e  
a g g r e g a t e s ,  th e y  w i l l  be t r e a t e d  i n  t h e  same way. The 
c o rre sp o n d e n c e  o f  minimum v o id s  w i th  p o i n t  C i s  b e t t e r  however. 
T h is  c o rre sp o n d e n c e  has  been commented on by numerous i n v e s t :  
j i g a t o r s .  Numerous exam ples w i l l  be fo u n d  i n  r e c e n t  work, on 
g r a d in g  o f  a g g r e g a t e s  f o r  b i tu m in o u s  r o a d  m ix tu r e s ,  th e  b in d e r  
i n  t h e s e  m ix tu r e s  t a k i n g  th e  p l a c e  o f  th e  cem ent i n  c o n c r e t e .
In  f i g , 44 v a lu e s  o f  ^  and  have been  o b t a i n e d  
from t h e  f o u r  c u rv e s  by th e  u s u a l  l e a s t  s q u a re s  s o l u t i o n  f o r  
i n d i r e c t l y  o b se rv e d  q u a n t i t i e s .  The v a lu e  f o r  ^  i s  o b ta in e d  
a s  0 .0 0 1 7 ” * T h is  s h o u ld  c o r r e s p o n d  w i th  t h e  e f f e c t i v e  mean 
d ia m e te r  o f  a  cem ent g r a i n .  T ak in g  an  exam ple o f  cem ent 
a n a ly s e d  by s e d im e n ta t io n  from K u h lf s book, th e  dom inant 
p a r t i c l e  d ia m e te r  works o u t  a t  i« e*  0 .0 0 1 5 1 ” . I t  was
found  l a t e r  t h a t  b e t t e r  c o rre sp o n d e n c e  w i th  a v e ra g e  r e s u l t s
\
was o b ta in e d  by i n c r e a s i n g  *v t o  *00033 -4 to  •002” .
I n  p u rsu a n c e  o f  the  v iew  t h a t  s w e l l  betw een E and P 
i s  due to  c o n s t r a i n t  o f  t h e  f i n e  a g g r e g a t e s  a t  th e  s u r f a c e s  
o f  th e  c o a r s e ,  th e  i n c r e a s i n g  s w e l l s  to  th e  l e f t  o f  F, f ig .4 5 >  
m igh t be e x p e c te d  to  c o r re sp o n d  th e  d im in u t io n  o f  t h e  f i n e  
a g g re g a te  to  a  q u a n t i t y  i n s u f f i c i e n t  to  sp ace  th e  c o a r s e  
f rag m en ts  by an  amount e q u a l  to  th e  d ia m e te r  o f  the  f i n e  g r a i n s .  
T h is  c r i t i c a l  v a lu e  o f  would be g iv e n  b y : -
* .
/  ■+ 1* S tv e i l f
I n s p e c t io n  o f  f i g . 42 i n d i c a t e s  t h a t  o t h e r  f a c t o r s  o v e r r u l e  
■this c o n d i t i o n .  I f  i t  were t h e  p r i n c i p a l  one , t h e  p o i n t  F
O  /s f 'r ib z j / ' /o n  o f  P in e*  / f t z L
/ * 2. show zones of- pstshe 
Jn 3  fa f SZTjrneZ&rd AforAars
*60 
•Some /for/Zrr
vAout /  + /fo:/*foe y*/~er £oof*nt-
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o u g h t  to  a p p ro a c h  t h e  minimum v o id s  p o i n t  a s  i n c r e a s e s .
A lth o u g h  t h i s  ten d en cy  i s  shown i n  f i g . 4 3 , i t  i s  n o t  e v id e n t  i n
f i g . 42* I t  i s  th o u g h t  t h a t  i r r e g u l a r i t i e s  i n  th e  d i s t r i b u t i o n
o f  t h e  f i n e  m a t e r i a l  i s  th e  p r i n c i p a l  f a c t o r  d e te rm in in g  sw e l l
a t  t h e  s m a l l e r  v a lu e s  an d  t h a t  t h e  p rob lem  i s  s t a t i s t i c a l
r a t h e r  th a n  g e o m e t r i c a l .  A s u f f i c i e n t l y  a c c u r a t e  a p p ro x im a t io n
a p p e a r s  to  be o b t a i n a b l e  a s  f o l lo w s .
R e f e r r i n g  to  f ig .4 5 >  a p p e a rs  to  e q u a l  HO f o r
s m a l l e r  v a lu e s  o f  t  and i t  d im in i s h e s  a s  t  i n c r e a s e s .  The
a s su m p t io n  i s  made t h a t ,
H G  = H C  ~ ^ C = H C ( / ~  0 § )
HC » t a n g e n t  s w e l l ,  t*  , a t  C
and  e'*m *  — —-- • — ------
tangent- s w e l l  a t  P - £L... , t ' m  l-  —
A lso ,  KC = i s —L* 
/ .  n a  -  £ / /  -  & r)
S i s  a  c r i t i c a l  p o i n t  i n  th e  s e r i e s  o f  t h e  two 
a g g r e g a te  m ix tu r e s .  The c r i t i c a l  c o a r s e  a g g re g a te  p r o p o r t i o n
<*/■ ^
C o n s id e r in g  any m ix tu re  to  t h e  r i g h t  o f  0 ,
i s  l e s s  th a n  .
L e t  r  » Bt.
*C
I t  i s  assum ed t h a t  th e  e x c e s s  o f  th e  t o t a l  s w e l l ,  j  , o v e r
th e  t a n g e n t  s w e l l  i s  * 0 *  i% )r9~
s  = t  { /  + ( / -
and K  s. ht + £ { / + ( / — j£e.)rz)*J~
C o n s id e r in g  a  m ix tu re  to  th e  l e f t  o f  G, i s  g r e a t e r  t h a n  . 
L e t
*c
I t  i s  assum ed t h a t  th e  e x c e s s  o f  th e  t o t a l  s w e l l ,  <5 , o v e r  
*2^ i s  CG *r*
» * ' { * +  % ■)}'"*
* ISs + t ’/z  -ijzlJ?*
Of aA I
These fo rm u lae  do n o t ,  o f  c o u r s e ,  g iv e  a  c o n t in u o u s  
curve  a t  G. However, th e y  a r e  th o u g h t  t o  g iv e  v a lu e s  w hich  
a re  s u f f i c i e n t l y  c l o s e .
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So f a r  o n ly  m ix tu r e s  o f  two p a r t i c l e  s i z e s  have been 
c o n s id e r e d  ( i f  v a r i a t i o n  i n  cem ent p a r t i c l e  s i z e  be n e g l e c t e d ) .  
When th e  a g g r e g a t e s  a r e  g ra d e d  the  r e l a t i o n s  a re  l e s s  s im p le ;  
t h i s  i s  im p l ie d  by th e  s t a t e m e n t s  a l r e a d y  made. However, th e  
f o l lo w in g  m o d i f i c a t io n s  were found  to  g iv e  what a r e  th o u g h t  to  be 
s e r v i c e a b l e  r u l e s .
In  th e  e x p r e s s io n  f o r  t ,  G o c c u r s .  I n  th e
t a b l e  i n  f i g . 46 > s u r f a c e  a r e a s  o f  th e  f r a c t i o n s  have been  
m u l t i p l i e d  by ^  g i v in g  th e  m o d i f ie d  s u r f a c e  a r e a s
c/A+ ‘OOZ*
t a b u l a t e d  u n d e r  th e  h e a d in g  N. In  c a l c u l a t i n g  th e  m o d if ie d  
s u r f a c e  a r e a  N o f  a  g ra d e d  a g g r e g a te  th e  f r a c t i o n s  may be 
m u l t i p l i e d  by th e  c o r re s p o n d in g  t a b u l a r  N v a lu e s  and  th e  
r e s u l t s  summed.
T angen t sw e l l  i s  now g iv e n  by o - 0 0 0 3 3  V o  when cem ent, -o o z ."  
i s  u s e d  a s  th e  f i n e  m a t e r i a l .  As m e n tio n ed  on page 35> th e  
above v a lu e s  f o r  and  ^  were f i n a l l y  s e l e c t e d  f o r  cem ent. 
R e s t r i c t i n g  th e  s ta te m e n t  f i n a l l y  to  cem ent a s  f i n e ,  a  s u i t a b l e  
v a lu e  f o r  a p p e a r s  to  be 0* 8 .
The c r i t i c a l  c o a r s e  a g g re g a te  r a t i o  LA , ^ 00/-,^  qqq. >w* ^
When a i s  l e s s  t h a n  o ' //»/»/<*<«■ of-
§
r  ~ 4 -CL'
and V& _  0 . 2  + O - O 0 0 3 3  N  Q. / /  + (/ -  o-ooosxn y* I 
C c. L ^  J
When a i s  g r e a t e r  th a n  a'
r* s  £L' a
Oncf & * g . £  y O- 00033 * ( Z. -  O ■ OOP 33 V ) r** -  /
Two exam ples o f  the  a p p l i c a t i o n  o f  t h i s  m ethod o f  
b a s i c  v o id s  e s t i m a t i o n  to  c o n c r e t e s  a r e  g iv e n  i n  f i g . 4 6 . I t  
w i l l  be n o te d  t h a t  th e  c a l c u l a t e d  r e s u l t s  a r e  s l i g h t l y  h i g h e r  
th a n  th o s e  o b t a in e d  from a c t u a l  c o n c re te  v o id s  t e s t s  w hich  a r e  
g iv e n  below them . With r e g a r d  to  th e  f i r s t  exam ple, i n  w hich  
th e  a g g re g a te  was below th e  c r i t i c a l  q u a n t i t y ,  th e  f a c t  t h a t  
th e  g r a v e l  a g g re g a te  u se d  gave v e ry  e a s i l y  worked m ix tu r e s  
m ight a c c o u n t  f o r  t h e  sm a ll  d i s c r e p a n c y .  The d is c re p a n c y  i n
°ase  2 , i n  w hich  a g g re g a te  o v e r  t h e  c r i t i c a l  amount i s  u se d ,
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I s  p ro b a b ly  due t o  th e  f i g u r e  f o r  d ry  a g g r e g a t e  v o id s  b e in g  
s l i g h t l y  h ig h .  The d i f f i c u l t y  o f  a v o id in g  s e p a r a t i o n ,  w hich  
was m en tio n ed  i n  c o n n e c t io n  w i th  f i n e  a g g r e g a t e s ,  i s  even 
g r e a t e r  when c o a r s e  m a t e r i a l  i s  in c lu d e d .  S e p a r a t io n ,  o f  c o u r s e ,  
i n c r e a s e s  v o id s .  These two m ix tu r e s  a r e  a v e ra g e  -  n o t  s e l e c t e d  -  
e x am p le s .  O th e r s  were t r i e d  and  w i l l  be shown u n d e r  c o n c r e te  
r e s u l t s  (page 43)* The t a b l e ,  f i g . 47> g iv e s  a  co m p ariso n  o f  
c a l c u l a t e d  m o r ta r  v o id s  and e x p e r im e n ta l  v o id s  from f i g s . 27 |
t o  3 6 > f o r  s i x  o f  th e  f i n e  a g g r e g a t e s .  The r e s u l t s  f o r  th e  o t h e r  
f i n e  a g g re g a t e s  show a  s i m i l a r l y  good c o rre sp o n d e n c e  a l th o u g h  
th e  s i n g l e  s i z e d  f r a c t i o n s  o f  sand  A show th e  e f f e c t  o f  th e  
i n c r e a s e  i n  m i n  th e  r i c h e r  m ix e s .
The w r i t e r 1 s m ethod o f  e ^ r e s s i n g  v o id s  a s  a  f r a c t i o n  
o f  t h e  a b s o l u t e  volume o f  t h e  m a t e r i a l  i s  u n u su a l  b u t  i t  i s  
a d o p te d  f o r  c o n v e n ie n c e .  The f i g u r e s  a r e ,  o f  c o u rs e ,  h i g h e r  
th a n  t h e i r  e q u i v a l e n t s  e x p re s s e d  i n  th e  u s u a l  way a s  f r a c t i o n s  
o f  th e  b u lk  volum e.
In  o b t a i n i n g  th e  r e l a t i o n s  d e s c r ib e d ,  th e  u n i t  o f  
v o lu m iy u se d  was t h e  volum e o f  one pound o f  w a te r .  However, a s  
volum es a p p e a r  m ere ly  a s  r a t i o s  and^as d im e n s io n s  o f  p a r t i c l e s  (l
2a re  i n  in c h e s  an d  s u r f a c e  a r e a s  i n  in c h e s  , t h e  d im e n s io n s  o f  
th e  c o e f f i c i e n t  m a r e  in c h e s .  M, th e  sin*face a r e a  p e r  u n i t  
volume o f  a g g re g a te  i s  t h e r e f o r e  th e  t a n g e n t  sw e l l
c o e f f i c i e n t  i s  a  n u m e r ic a l  f a c t o r .  The u n i t  o f  t a n g e n t  
s w e l l mdcr i s  t h a t  o f  t h e  a g g r e g a te  v o lu m e s *  j
C o n c r e t e s *
A d d i t i o n a l  N o tes  on M ix tu re s .  
D e s c r i p t i o n  o f  M ix tu r e s .  
D i s c u s s io n  o f  R e s u l t s .  
P a r t i c l e  I n t e r f e r e n c e  
W o r k a b i l i t y .
C on c lu d in g  Remarks.
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C o n c re te  M ix tu r e s .
I t  h a s  been  s u g g e s te d  on page 18 t h a t  p a r t i c l e  
i n t e r f e r e n c e ,  o r  c a v i t a t i o n  u n d e r  t h e  c o a r s e  a g g re g a te  
f r a g m e n ts ,  a p p e a r s  t o  i n f l u e n c e  s t r e n g t h  m a t e r i a l l y  i n  c o n c r e t e s  
o n l y .  The s t r e n g t h s  o f  c o n c r e t e s  sh o u ld ,  t h e r e f o r e ,  f a l l  below 
t h e  v a lu e s  g iv e n  by t h e  formula, e v o lv e d  f o r  m o r ta r s  when 
p a r t i c l e  i n t e r f e r e n c e  o c c u r s .  A number o f  th e  c o n c r e te  
m ix t u r e s  w hich  were made w i l l ,  t h e r f o r e ,  be exam ined f o r  
i n d i c a t i o n s  a s  to  how f a r  t h e  m o r ta r  fo rm u la  i s  a p p l i c a b l e  t o
c o n c r e t e s .  Two s e r i e s  o f  m ix tu r e s  have been  ta k e n .
P ro c e d u re  i n  making and  t e s t i n g  was a s  d e s c r i b e d  on 
p a g e s  21 & 22 b u t  i t  w i l l  be c o n v e n ie n t  to  make th e  fo l lo w in g  
comments on p l a c i n g  and  e f f e c t i v e  cement w a te r  r a t i o  h e r e .  |
P l a c i n g . !
In  th e  rem arks  columns o f  th e  t a b u l a t e d  i n f o r m a t io n ,  j
f i g s . 48 to  53, slum ps and m ethods o f  p l a c i n g  a r e  g iv e n .  I
W orkable  m ix tu r e s  were ro d d ed , a  d ia m e te r  s t e e l  ro d  w i th  a  !i
!
ro u n d e d  p o i n t  b e in g  employed. N orm ally  th e  moulds were f i l l e d  I
!
i n  t h r e e  l a y e r s .  Each  l a y e r  was ro d d ed  b u t  i t  r e c e i v e d  o n ly  
t h e  minimum amount o f  ro d d in g  s u f f i c i e n t  to  d i s p e l  a i r  and  '1
g iv e  th e  m a t e r i a l  a  homogeneous a p p e a ra n c e .  T h is  d e p a r tu r e  ju
from t h e  u s u a l  p ro c e d u re  o f  g i v in g  th e  l a y e r s  each  a  u n ifo rm  J
number o f  ro d d in g  s t r o k e s  was a d o p te d  b e ca u se  th e  ra n g e  o f  I j
m ix tu r e s  in c lu d e d  some w i th  more o r  l e s s  marked t e n d e n c i e s  to  j
s e p a r a t i o n ,  and , w i th  t h e s e ,  ro d d in g  had  t h e  e f f e c t  o f  p a c k in g  j
1
t h e  c o a r s e r  m a t e r i a l  i n  th e  lo w e r  p a r t  o f  th e  specim en . |
1
A number o f  v e ry  s t i f f  m ix tu re s  were in c lu d e d  and  i t  j.s
i s  d e s i r e d  to  draw a t t e n t i o n  to  t h e s e  a s  t h e i r  r e s u l t s  a r e  
d i s c o r d a n t .  A o n e - in c h  sq u a re  b a r  w i th  a s l i g h t l y  ro u n d ed  end  J
was em ployed to  ram th e s e  i n t o  c o h e re n c e .  A gain  I t  was found  ^
u n d e s i r a b l e  to  a d o p t  any s t a n d a r d  m ethod. Most o f  t h e s e  j
m ix tu r e s  had to  be p la c e d  i n  o n e - in c h  t h i c k  l a y e r s  and  ramming j
was c o n t in u e d  u n t i l  th e  a p p e a ra n c e  o f  u n i f o r m i ty  was o b ta in e d .  I
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E f f e c t i v e  C em en t-w ater  R a t i o .
The -gp v a lu e s  t a b u l a t e d  i n  f i g s .  48 to  53 a r e
b a s e d  on g r o s s  m ix in g  w a te r ,  l e s s  d e d u c t io n s  f o r  a b s o r p t io n  and
r e j e c t e d  w a te r .  T here  i s ,  o f  c o u rs e ,  i n  a l l  w orkab le  c o n c r e t e s ,
t h e  te n d e n c y  to  r e j e c t  w a te r ,  and  th e  w r i t e r ’ s e x p e r ie n c e  i s
t h a t  a  l a y e r  o f  w a te r  form ed on th e  s u r f a c e  u s u a l ly  a t  slumps
g r e a t e r  th a n  a b o u t  l - J " , when w a t e r t i g h t  m oulds were employed.
I f  t h e  moulds a re  n o t  w a t e r t i g h t  th e  e f f e c t  i s  masked by l o s s
o f  w a t e r  b u t  i s  shown by s e t t l e m e n t .  The b e h a v io u r  o f  c o n c re te
i n  t h i s  r e s p e c t  h a s  been  f r e q u e n t l y  commented on. T here  i s  a
slow  s e t t l e m e n t  w i th  r e j e c t i o n  o f  w a te r  to  th e  s u r f a c e .  The
w r i t e r ’ s p ro c e d u re  w i th  w orkab le  m ix tu r e s  was to  f i l l  th e
m oulds c o m p le te ly  and  f i n i s h  o f f  th e  s u r f a c e  f l u s h  w i th  th e  end
by s t r a i g h t  edge so s e t t l e m e n t  c o u ld  be c o n v e n ie n t ly  o b se rv e d
and  m easu red . S e t t l e m e n t s  were o f  th e  o r d e r ,  u s u a l l y ,  o f  0*05”
b u t  t h e  l a r g e s t  n o te d  was 0 * l6 1 o c c u r r in g  w i th  m ix tu re  No,3  o f
f i g . 48 (slump 10” ) .  There  a p p e a rs  to  be a b s o r p t io n  o f  some
s o r t  a s  th e  s u r f a c e  o f  th e  r e j e c t e d  w a te r  was u s u a l ly  s l i g h t l y
below  th e  to p  o f  th e  mould. T h is  may be due to  a  slow
s a t u r a t i o n  o f  t h e  a g g re g a te s  a l th o u g h  a t t e m p t s  to  re p ro d u c e  th e
e f f e  c t  i n  a  lo n g -n e c k e d  s p e c i f i c  g r a v i t y  f l a s k  i n d i c a t e d  t h a t  th e
a g g r e g a t e s  i n  u se  became s a t u r a t e d  w i th in  a  m inute  o r  so o f
w e t t i n g .  I t  was t h e r e f o r e  c o n c lu d ed  t h a t  a  s u f f i c i e n t l y
a c c u r a t e  e s t im a te  o f  th e  w a te r  r e j e c t e d  c o u ld  be o b t a in e d  by
m e a s u r in g  the  s e t t l e m e n t s .  T h is  was done and r e j e c t e d  w a te r
c a l c u l a t e d  a t  th e  r a t e  o f  0*453 l b -  Pe r  in c h  o f  s e t t l e m e n t .
O p in io n s  a s  to  th e  s i g n i f i c a n c e  o f  r e j e c t e d  w a te r  d i f f e r .  I t  i s
h e l d  by some t h a t  i t  i s  c o n t r i b u t e d  m ain ly  by th e  u p p e r  l a y e r  o f
th e  m ix tu re  and  h a s  l i t t l e  e f f e c t  on s t r e n g t h .  However, th e
(22.)
s t r e n g t h s  o b ta in e d  h e re  i n d i c a t e d  t h a t  re je c tae d  w a te r  sh o u ld  be 
d e d u c te d  so s e t t l e m e n t s  were m easured , cppdciments w e ig h t^ ,  th e
   ' ' X  ”)
r e j e c t e d  w a te r  re d u c e d  to  l o s s  p e r  b a tc h .  ^
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F i r s t  S e r i e s  -  M ix tu re s  1 to  36 .
The a g g r e g a t e s  c o n s i s t e d  o f  g r a n i t e  g r a v e l ,  
s i l i c e o u s  g r a v e l  and  s c r e e n in g s  o f  sands A and C. They were 
a r t i f i c i a l l y  g ra d e d .  F ou r  p r i n c i p a l  g r a d in g s  were a d o p te d ,  
a r r a n g e d  on th e  l i n e s  i n d i c a t e d  by F u rn as  f o r  good w o r k a b i l i t y .  
The volume r e l a t i o n s  ^  betw een s u c c e s s iv e l y  l a r g e r  s ie v e  
a n a l y s i s  f r a c t i o n s ,  which were a d o p te d ,  were 1*0, 1*1, 1*2 and 
1*3 be tw een  No. 48 and  s i e v e s .  The m a t e r i a l  below No. 48 was 
r e d u c e d  s l i g h t l y ,  a s  shown i n  f i g s .  48 to  5 0 *
A g g reg a te  v o id s ,  ^  , were m easu red  d i r e c t l y  and
b a s i c  v o id s  c a l c u l a t e d  f o r  v a r i o u s  v a lu e s  f o r  e a c h  g r a d in g .
B a s ic  v o id s  c u rv e s  a r e  p l o t t e d  i n  th e  f i g u r e s  m en tio n ed  ab ove .
The sm oothness  o f  w ork ing  o f  the  m ix tu r e s  o f  t h i s  
s e r i e s  m e r i t s  s p e c i a l  comment. U ndoubted ly  i t  was due p a r t l y  
to  t h e  rounded  sh a p es  o f  th e  a g g re g a te  p a r t i c l e s  b u t  i t  was a l s o  
e v id e n t  t h a t  th e  g r a d in g s  w hich  were u s e d  c o n f e r r e d  good w ork ing  
c h a r a c t e r i s t i c s .  T en d e n c ie s  to  s e p a r a t i o n  were n o t  n o t i c e a b l e  
d u r in g  ro d d in g  -  th e  ten d en cy  to  p a c k in g  shown by th e  c o a r s e  
m a t e r i a l  i n  m ix tu r e s  o f  i r r e g u l a r  g r a d in g  h a s  a l r e a d y  been  
commented on.
Second  S e r i e s  -  M ix tu re s  T7 to  100 .
Sands A and  C combined w ith  v a r i o u s  p r o p o r t i o n s  o f  
■J" and  c ru s h e d  g r a n i t e  form ed th e  a g g r e g a t e .  M ix tu re s  o f  
sa n d  A and th e  c ru s h e d  g r a n i t e s  were u se d  i n  c o n c r e t e s  37 to  
7 8 . V o id s ,  , f o r  a l l  c o m b in a t io n s  o f  t h e s e  m a t e r i a l s  a r e  
shown i n  a  d iagram  o f  th e  ty p e  employed by F e r e t  f o r  such  
p u r p o s e s ,  ( f ig *  51A). These were employed in  t h e  c a l c u l a t i o n  
o f  t h e  *2 f i g u r e s  u se d  i n  t a b l e s  and 52. F i g .51  r e l a t e s  to  
c o n c r e t e s  o f  w a te r  r a t i o s  ab o u t  0*5 w e ig h t .  I t  has  been  
d i v i d e d  i n t o  two g ro u p s .  To e x p la in  t h i s  c l a s s i f i c a t i o n  i t  may 
be s t a t e d  t h a t  sand  A, w hich i s  d e f i c i e n t  i n  f i n e  m a t e r i a l ,  
p ro d u c e s  r a t h e r  h a r s h  m ix tu re s  when th e  s t a n d a r d  one f i n e  to  
two c o a r s e  c o m b in a t io n  i s  u se d .  At th e  m odera te  w a te r—r a t i o
o f  0*5  t h e r e  i s  to o  l i t t l e  f i n e  m a t e r i a l  a b so rb  th e  p a s t e
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and  th e  r e s u l t  i s  a  wet m o r ta r ,  from w hich  p a s t e  r e a d i l y  
e s c a p e s .  P a r t i c l e  i n t e r f e r e n c e  o c c u r s  u n d e r  th e  l a r g e r  
f r a g m e n ts .  M ix tu re s  47 to  49 a r e  exam ples . M ix tu re s  37 to  
4 6 , on th e  o t h e r  hand , have s u f f i c i e n t  f i n e  m a t e r i a l  t o  form 
a  s t a b l e  m o r ta r .  The c l a s s i f i c a t i o n  i s  roug h , however, and  
t h e  r e s u l t s  w i l l  be d i s c u s s e d  i n  g r e a t e r  d e t a i l  l a t e r .
M ix tu re s  57 to  71 a r e  s i m i l a r  to  37 to  46 > b u t  o f  
w a t e r - r a t i o s  a b o u t  0*6 and J2 to  J8 a r e  o f  w a t e r - r a t i o s  
a b o u t  0* 8 .
In  m ix tu r e s  79 to  100 san d  C h a s  been employed a lo n e  
o r  i n  co m b in a t io n  w i th  sand  A to  o b t a i n  m ix tu r e s  c o n s t r a s t i n g  
w i t h  th e  e a r l i e r  o n e s .
Comments on R e s u l t s .
W ith  r e f e r e n c e  to  th e  t a b l e s  f i g s .  48 t o  53, a l l  
q u a n t i t i e s  a r e  a b s o l u t e  volumes o r  r a t i o s  o f  a b s o l u t e  vo lum es, 
e x c e p t  where o th e rw is e  s t a t e d .
The v a lu e s  £  and  have a l r e a d y  been  commented on.
V a lu e s  o f
It It k a  /  -  /* //-£ -
C a l c u l a t e d  s t r e n g t h s  a r e  o b ta in e d  from th e  fo rm u la  a r r i v e d  a t  
on page  3/ 9 s  * / 4/00  -  0 '+z/<)
An exam ple i s  g iv e n  in  th e  A ppendix , page 52 *
F i r s t  S e r i e s  o f  M ix tu re s ,  ( f i g s .  4 8 , 49 and  50)*
The c o rre sp o n d e n c e  i n  th e  w orkab le  m ix tu re s  betw een c a l c u l a t e d  
and  o b se rv e d  s t r e n g t h s  i s  th o u g h t  to  be good . I t  i s  s u g g e s te d  
t h a t ,  so f a r ,  th e  c o n c lu s io n s  may be drawn t h a t  th e  fo rm u la  
a p p l i e s  to  c o n c r e t e s  and a l s o  t h a t  t h e r e  i s  no s e r i o u s  
p a r t i c l e  i n t e r f e r e n c e  i n  th e s e  m ix tu r e s .  The o n ly  p o i n t  which 
a p p e a r s  to  c a l l  f o r  comment i s  th e  e x c e ss  o f  o b se rv ed  o v e r  
c a l c u l a t e d  s t r e n g t h  i n  th e  s t i f f  m ix tu re s  which were p l a c e d  by 
ramming. The o n ly  re a s o n  which c o u ld  be d e t e c t e d  f o r  t h i s  was 
l o s s  o f  w a te r .  T h is  c o n c lu s io n  was re a c h e d  a f t e r  e x a m in a t io n  
o f  t h e  v o lu m e t r i c  c o m p o s i t io n s  o f  th e s e  m ix tu r e s ,  c a l c u l a t e d  
from th e  w e ig h ts  o f  th e  t e s t  p i e c e s  on th e  a ssu m p tio n  t h a t  th e  
m a t e r i a l s  were p r e s e n t  i n  th e  mix p r o p o r t i o n s .  The c o m p o s i t io n s
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below  w ere o b t a i n e d  f o r  th e  s t i f f  m ix tu r e s .  These m ix tu r e s  
a r e  n e a r  b a s i c  w a te r  c o n te n t  so t h e i r  v a lu e s  have a l s o
b e en  t a b u l a t e d  a lo n g  w i th  t h e  c a l c u l a t e d  v a lu e s  a s  a
f u r t h e r  check on th e  method o f  c a l c u l a t i n g  b a s i c  v o id s .
: tu r e  No. V o ls .  p e r u n i t  v o l . o f  c o n c r e te V o i d s . v / c
A g g re g a te  -- Oement - W ater - V o ids Cem.
7 o* 763 0*070 0 * 166 0*170 2*43 2*42
15 o- 697 0*116 0*176 0*193 1 * 66 1- 37
18 0 -7 5 2 0 .0 7 0 0*168 0*178 2*54 2*40
21 o- 750 0*085 0 .1 5 4 0*165 1*94 2*02
24 o - 7 3 i 0*109 0*164 0*160 1*46 1*41
29 0 -7 57 0*087 0*158 0*156 1-79 2*00
32 0*729 0*112 o* 170 O . I 59 1*42 1*36
s o f w a te r  i s  i n d i c a t e d  by the  c lo s e a p p ro a c h  o f  th e  ^ v a lu e  s
t o  th e i /v a lu e s .  A i r  i n c l u s i o n s  sh o u ld  be l a r g e r  th a n  i n d i c a t e d
by t h e  d i f f e r e n c e s .  I n  m ix tu re s  24, 29 end  32 th e  f i g u r e s
o b t a i n e d  f o r  ^  a r e  a c t u a l l y  s l i g h t l y  i n  e x c e s s  o f  */ . To
a f f o r d  some co m parison  w i th  p ro b a b le  w a te r  l o s s e s  i n  th e  w orkab le
o f  v o id s
m ix t u r e s  th e  f i g u r e s  below a r e  g iv e n .  These show th e  volum es/a,nd 
w a t e r  f o r  a  t e s t  c y l i n d e r ,  c a l c u l a t e d  on th e  mean w e ig h t  o f  th e  
t h r e e  c y l i n d e r s  o f  each  mix, on the  a ssu m p tio n  t h a t  th e  
p r o p o r t i o n s  o f  th e  specim en a r e  th e  same a s  th o s e  o f  th e  m ix.
V ery  l i t t l e  a i r  i s  in lc u d e d  in  t h e s e  w o rk ab le  m ix tu re s  so th e  
f i g u r e s  se rv e  to  show t h a t  w a te r  l o s s e s  a r e  sm all  h e r e .  I n  
m ix tu r e  23 o n ly  i s  t h e r e  d e f i n i t e  i n d i c a t i o n  o f  l o s s .





19 0*693 0*670 i n
20 0*803 0*788 6"
22 0-705 0 • 662 2^«
23 0 -75 5 0-771 8»
25 o* 693 0*670 1"
26 0*786 0-768 jk"
I t  i s  b e l i e v e d  t h e r e f o r e  t h a t  t h e r e  i s  m a t e r i a l  l o s s  o f  w a te r  
i n  t h e  s t i f f  m ix tu r e s .  The m ix tu r e s  form ed lo o s e  h eap s  i n  th e
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t r a y  an d  i n  m ost c a s e s  th e  f i l l i n g  o f  t h e  t h r e e  moulds 
o c c u p ie d  h a l f  an  h o u r  a g a i n s t  f i v e  m in u te s  o r  so f o r  t h e  
ro d d e d  m ix tu r e s ,  so t h a t  e v a p o r a t io n  w ould  be g r e a t e r .
Second  S e r i e s .  F i& s. S I .  52 and 53 . I n  t h e s e ,  c ru s h e d  g r a n i t e  
c o a r s e  a g g re g a te  and  sands A a n d  C were u s e d .
The m ix tu r e s  show ing good c o rre sp o n d e n c e  betw een c a l c u l a t e d  and 
t e s t  v a lu e s  o f  s t r e n g t h  th ro u g h  eac h  ra n g e  o f  cement c o n te n t s  
have  been  g rou ped  t o g e t h e r .  Those showing d e f i c i e n c y  o f  t e s t  
s t r e n g t h  a r e  c l a s s i f i e d  s e p a r a t e l y  a s  showing p a r t i c l e  
i n t e r f e r e n c e .  I n  some c a s e s ,  e . g .  m ix tu r e s  47 > 48 and 49 t h i s  
c l a s s i f i c a t i o n  was j u s t i f i e d  by i n s p e c t i o n .  On b r e a k in g  down 
p a r t s  o f  the  f r a c t u r e d  specim ens lo o s e n e s s  o f  c o n ta c t  on th e  
u n d e r s i d e s  o f  the  l a r g e  a g g re g a te  f rag m e n ts  was u n m is ta k a b le .  
Weymouth1 s m ethod o f  a n a l y s i s  w i l l  be a p p l i e d  to  some o f  the  
m i x t u r e s .
In  t h e  f i r s t  p l a c e ,  t o  d e s c r ib e  th e  method b r i e f l y ,  
c o n s i d e r  a  s ie v e  a n a l y s i s  f r a c t i o n  o f  d ia m e te r  D i n  a  m ix tu r e .  
The b u lk  volume o f  t h i s  f r a c t i o n  i n  an i s o l a t e d  s t a t e  w i l l  be 
g iv e n  by n kO 3 w here ,
n x  number o f  p a r t i c l e s  
a n d  k = a  f a c t o r  depend ing  on p a r t i c l e  shape an d  v o id s .  
The d e n s i t y  o f  th e  i s o l a t e d  f r a c t i o n  a  da = where
a  i s  t h e  a b s o l u t e  volume o f  th e  m a t e r i a l .
U s in g  t h e  w r i t e r ' s  n o t a t i o n  cfa = — ^  . A gg rega te  v o id s  ^
w ere  fou nd  to  v a ry  from 0*625  f o r  g r a n i t e  g r a v e l  ( s i z e d )  to  
0*85 f o r  s i z e d  c ru s h e d  g r a n i t e  i n  th e  p r e s e n t  work. F ig u r e s  
g i v e n  by C o u l ta s  re d u c e  to  0*65 f o r  g r a v e l  to  0*93 f o r  c ru s h e d  
g r a n i t e .
I f  th e  p a r t i c l e s  o f  th e  f r a c t i o n  a r e  now im ag in ed  to  
be sp a ce d  a  d i s t a n c e  t  a p a r t  ( i . e .  e ach  p a r t i c l e  im ag in ed  to  
be e n c lo s e d  i n  a  s h e l l  o f  s i m i l a r  shape o f  d ia m e te r  0 * t  ) ,  th e  
b u lk  volume o f  n  sp a ce d  p a r t i c l e s  becomes and  th e
d e n s i t y  eta  «
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T h e r e fo r e  sZ* * — (£ .?  p )
<*A
Weymouth assum es t h a t  p a r t i c l e  i n t e r f e r e n c e  o c c u r s  
when t  i s  l e s s  th a n  th e  d ia m e te r  o f  th e  n e x t  s m a l l e r  p a r t i c l e  
p l u s  an  a l lo w a n ce  f o r  th e  t h i c k n e s s  o f  th e  cement f i l m .  The 
a l lo w a n c e  s u g g e s te d  v a r i e s  from 0*001n to  0»002u .
For -J” to  f 1 c ru s h e d  g r a n i t e ,  mean d ia m e te r  i s  0 - 56” 
and f o r  sand A s c r e e n e d  on No . 4  s i e v e  mean d ia m e te r  o f  l a r g e s t
 p a T t i e l e - g r o u p  1 s (jf* i f  P -  V o ids  ^  f o r  th e  g r a n i t e  i s  0*85
a n d  d e n s i t y  c/0 = - o-s+i
d .  * — *o-s6* o z r  z
a ( 0 * 6  ■+£> ■/#/*-0 OOZ)* r
As i n  th e  m ix tu r e s  d e a l t  w i th  h e r e ,  p  to  p  i s  th e  maximum
a g g r e g a t e  s i z e ,  th e  above r e s u l t  means t h a t  p a r t i c l e
i n t e r f e r e n c e  may be e x p e c te d  i f  th e  a b s o l u t e  volume o f  c o a r s e
a g g r e g a t e  p e r  u n i t  volume o f  c o n c r e te  e x ce ed s  0 <242^ —  0
The t a b u l a t e d  f i g u r e s  below g iv e  t h e  v o lu m e t r ic
c o m p o s i t io n s  o f  m ix tu r e s  47> 49, 50 an<3- 52 * The l a s t  two
con ta in^  a  sm a ll  p r o p o r t i o n  o f  f H to  No. 4  m a t e r i a l  b u t  so l i t t l e
t h a t  th e y  may be i n c lu d e d  w i th  47 an& 49 i n  t h i s  d i s c u s s i o n .
Mix Number. A g g r e g a te s  Cement Water
C oarse F in e
47 4 0 -4 7 2  0-229  0 -125  0-14 7
49 0 - 4 2 4  0-206  0 -1 5 4  0 -2 1 6
50 0 -5 5 4  0 -551  0 -125  0-170
52 0 -28 7  0 -2 8 4  0-178  0-251
The a b s o l u t e  volume o f  c o a r s e  ex ceeds  0-2-J2 i n  a l l  c a s e s ,  
i n d i c a t i n g  p a r t i c l e  i n t e r f e r e n c e .
T ak ing  now one o f  th e  m ix tu re s  c l a s s i f i e d  a s  show ing  
no p a r t i c l e  i n t e r f e r e n c e ,  m ix tu re  number 57 > ‘t h i s  c o n ta in s  p  
t o  No . 4  m a t e r i a l ,  mean p a r t i c l e  d ia m e te r  0 *28H.
T r y in g  f o r  p a r t i c l e  i n t e r f e r e n c e  i n  th e  ip  to  p 1 group,
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F o r  t h e  - |u to  No. 4  g roup ,
d « -  ' **1  d n T T fT Z id * ’ °  / f *
The v o lu m e t r i c  c o m p o s i t io n s  a r e  a s  below .
A g g reg a te  Cement Water
C oarse F in e
0 -19 6  0 -1 6 6  0*119  0 -1 62
P a r t i c l e  i n t e r f e r e n c e  i s  i n d i c a t e d  f o r  th e  tp  g ro u p .
For th e  f*  g rou p , d e n s i t y  = . /^  '?*//> .  ,u  * O ZJ><>
T h is  e x ceed s  t h e  l i m i t  o f  0*158, t h e r f o r e  p a r t i c l e  i n t e r f e r e n c e  
i s  a g a in  i n d i c a t e d .
Weymouth’ s c o n d i t i o n  a p p e a rs  to  be r a t h e r  s e v e r e .
I t  w i l l  show p a r t i c l e  i n t e r f e r e n c e  w i th  th e  g ra d in g s  recommended 
by W alsh  and i t  w i l l  condemn th e  1 : 2 : 4  m ixes so l a r g e l y  u s e d  i n(23)
B r i t i s h  p r a c t i c e .
T h is  d i s a b i l i t y  c o u ld  p ro b a b ly  be e a s i l y  enough 
rem oved  by s u b s t i t u t i n g  some l e s s  e x a c t i n g  re q u i re m e n t  f o r  t h e  
c o n d i t i o n  t h a t  th e  p a r t i c l e s  o f  each  g ro up  m ust be sp a ce d  by 
a  d i s t a n c e  a t  l e a s t  e q u a l  to  t h e  d ia m e te r  o f  the  n e x t  s m a l l e r  
s i z e .  P o s s ib ly  th e  dom inant d ia m e te r  o f  t h e  f i n e r  m a t e r i a l  
w ould  s e r v e .
I n  th e  w r i t e r ’ s v iew , a  more s e r i o u s  c r i t i c i s m  o f  
Weymouth’ s method may be b a sed  on th e  p e rfo rm an c e s  o f  m ix tu r e s ,  
su ch  a s  th o s e  exam ined, a s  p a s t e  c o n te n t  a t  c o n s t a n t  w a te r  
r a t i o  i s  i n c r e a s e d .  From g ro u p s  such  a s  (47> 48 , 4 9 ) ,
( 5 0 , 52) and ( 5 3 , 54 , 5 5 > 56 ) ,  ib  w i l l  be seen  t h a t  s t r e n g t h
d e f i c i e n c i e s  become more marked a s  p a s t e  c o n te n t  i s  i n c r e a s e d .  
A c c o rd in g  to  Weymouth, p a r t i c l e  i n t e r f e r e n c e  ought to  d im in is h  
a s  p a s t e  c o n te n t  i n c r e a s e s .  S t i f f  m ix tu re s  show th e  e x c e s s  o f  
s t r e n g t h  which h a s  a l r e a d y  been  commented on.
I t  i s  e v id e n t  t h a t  o t h e r  p r o p e r t i e s  o f  th e  f i n e r  
component a r e  o p e r a t i v e .
The h ig h  v a lu e s  o f  b a s i c  v o id s  which o b t a i n  when 
cem en t i s  below th e  c r i t i c a l  p r o p o r t i o n ,  show d im in ish e d  
s t r e n g t h s  by th e  w r i t e r ’ s fo rm u la  and c o v e r  c a se s  o f  s t r e n g t h
-  47 -
l o s s  c i t e d  by Weymouth a s  exam ples o f  p a r t i c l e  i n t e r f e r e n c e .
( /2 )
W ith r e g a r d  to  th e  c a s e s  o f  u n m is ta k a b le  p a r t i c l e  
i n t e r f e r e n c e  o c c u r r i n g  w i th  th e  h ig h e r  p a s t e  c o n te n t s  
m e n t io n e d  above, th e  m o r ta r s  were o b v io u s ly  too  w e t.  The 
g r a d i n g s  o f  t h e s e  m ix tu r e s  were a l s o  o b v io u s ly  bad  and  i t  i s  
s u g g e s t e d  t h a t  b e h a v io u r  i n  th e  slump t e s t ,  a s  d i s c u s s e d  i n  
t h e  f o l lo w in g  s e c t i o n ,  i s  th e  s im p le s t  i n d i c a t i o n  o f  th e  
p r o b a b i l i t y  o f  p a r t i c l e  i n t e r f e r e n c e .
S l u m p  T e s /s .
/ f a r s h  ff/x ~ Workable
6uf no s/am p
Collapse, of- sam e mi* 
with me tea sec/ nra/er
P/asf/e rrji*. .
Proporf-fonecJ from Abrams' carres.
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Range o f  W ater C o n te n t s . Comment on th e  r e l a t i o n s  be tw een
slum p, m ix tu re  and  w a t e r  c o n te n t  w i l l  be made p r i n c i p a l l y  to  ii j
d e f i n e  t h e  l i m i t s  w i th in  w hich  th e  s t r e n g t h  fo rm u la  may be 
e x p e c te d  to  a p p ly .  I t  was n o t  in te n d e d  to  i n v e s t i g a t e  slum ps.
The behe .v iou r o f  slump specim ens i n d i c a t e d  t h a t  
c o n d i t i o n s  d i f f e r e d  w i th  d i f f e r e n t  m ix tu r e s .  When a d e q u a te  
f i n e  m a t e r i a l  was p r e s e n t  and w a te r  c o n te n t s  were a d e q u a te ,  
p l a s t i c  slumps were o b ta in e d ,  due to  r a d i a l  f low  o f  the  c o n c r e t e . !  
T h ese  were r e g u l a r ,  i n  t h a t  c o n s i s t e n t  f i g u r e s  c o u ld  be o b t a in e d  
i n  r e p e a t e d  t e s t s  o f  a  m ix tu r e .  I n  h a r s h e r  m ix tu re s  o f  w a te r  |i
3
c o n t e n t s  s u f f i c i e n t  to  g iv e  c o n s id e r a b le  w o r k a b i l i t y ,  t h e  j
iiI
s lum ps d i f f e r e d .  A t m odera te  slumps th e  s e m i f l u i d  m o r ta r  was I
f o r c e d  o u t  from be tw een  th e  c o a r s e  f r a g m e n ts .  I n s t e a d  o f  !
show ing  a  smooth p l a s t i c  su b s id e n c e ,  t h e s e  m ix tu re s  " s a t  down" 
im m e d ia te ly  on rem oval o f  th e  mould. The ev id e n ce  was m arked, 
i n  many c a s e s ,  o f  a  sudden t r a n s i t i o n  from f l u i d  su s p e n s io n  to  
s u p p o r t  by b e a r in g  o f  th e  c o a r s e  f rag m e n ts  on e ac h  o t h e r .  At 
g r e a t e r  w a te r  c o n t e n t s ' such m ix tu re s  s im ply  c o l l a p s e d  and  th e  
slump f i g u r e  c e a s e d  to  have m eaning.
As th e  w r i t e r ' s  m ix tu r e s  in c lu d e d  bo th  p l a s t i c  and  
h a r s h  c o n c r e t e s  i t  was n o t  a n t i c i p a t e d  t h a t  slum ps, on th e  
w h o le ,  would conform  to  any law , and n o te s  were made o f  t h e i r  
c h a r a c t e r i s t i c s  o n ly  i n  a  few c a s e s .
In  f i g . 54 slumps a r e  t a b u l a t e d  a g a i n s t  ^  . The
l a t t e r  a r e  th e  r e c i p r o c a l s  o f  th e  p ro d u c ts  o f  the  t a b u l a r  & 
and  v a lu e s .  Slumps a r e  ro u g h ly  p r o p o r t i o n a l  to  (J? -  /
I n  f i g . 54 slumps o f  th e  c o n t in u o u s ly  g ra d e d  m ix tu re s ,  1 to  34, 
a r e  p l o t t e d  a g a i n s t  . The p o i n t s  f o r  each  g r a d in g  may be
a v e ra g e d  ro u g h ly  by s t r a i g h t  l i n e s  which a r e  s t e e p e r  and  f a r t h e r  j 
t o  t h e  l e f t  t h e  g r e a t e r  th e  q u a n t i t y  o f  f i n e  m a t e r i a l  p r e s e n t .  
However, to o  much s i g n i f i c a n c e  cann o t be a t t a c h e d  to  t h i s  a s  i 
o t h e r  f a c t o r s  such  a s  cement c o n te n t  and w a te r  r a t i o ,  w hich  a re  
l i k e l y  to  e x e r t  an i n f lu e n c e ,  a r e  n o t  in c lu d e d .
The c ru s h e d  g r a n i t e - s a n d  c o m b in a t io n , 37 bo 100, 
have  n o t  been p l o t t e d .  They show th e  same g e n e ra l  t e n d e n c ie s
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a s  t h e  fo rm er  m ix tu r e s  b u t  t h e r e  a r e  g r e a t e r  i r r e g u l a r i t i e s .  
T h is  i s  to  be e x p e c te d  a s  d i v e r s i t i e s  i n  g r a d in g  and  g r a i n  
shap e  a r e  g r e a t e r .  I r r e g u l a r i t i e s  a r e  n o t i c e a b l e  p a r t i c u l a r l y  
w here  cem ent c o n te n t  i s  l e s s  th a n  th e  c r i t i c a l  v a lu e ,  an<^
w here t h e r e  a r e  d e f i c i e n c i e s  i n  f i n e  m a t e r i a l .
As a  ro u g h  mean r u l e  i t  m ight be ta k e n  t h a t ,
Slump in  in c h e s  * / o - / )
The s t r e n g t h  r u l e  may be t a k e n  to  ap p ly  to  w orkab le
p l a s t i c  m ix tu r e s  h a v in g  ^  v a lu e s  r a n g in g  betw een 1*0 and 
1*6 , i . e .  slumps up to  a b o u t  6H. P a r t i c l e  i n t e r f e r e n c e  e f f e c t s  
may o c c u r  i n  h a r s h  m ix tu r e s ,  c a u s in g  s t r e n g t h  to  drop  below  th e  
f i g u r e  g iv e n  by th e  fo rm u la .
One f e a t u r e  o f  th e  e q u a t io n  3  * -  /<%) c a l l s
f o r  comment. T h is  i s  the  v e ry  r a p i d  d im in u t io n  i n  s t r e n g t h  
w h ich  i t  shows f o r  d im in is h in g  -g v a lu e s  when /< i s  n e a r  
u n i t y .  k - j -
s /  /  ///•»£ -  C'tcJ
-  O-iSSe. -  o-/f tfx
O^r ^.-kZ=.Ot -TT) - 5 -  O f/*4
N e g l e c t i n g  th e  term  and  i n s e r t i n g  0*42 f o r  Z ,
T h is  i s  much beyond th e  l a r g e s t  ^  v a lu e  u s e d  i n  
t h e  m ix tu r e s  t e s t e d .  M a t e r i a l  r e j e c t i o n  o f  w a te r  u s u a l l y  
o c c u r s  when ^  exceeds  1*5 o r  1*6 so t h a t  th e  above l i m i t  
may be t a k e n  to  r e p r e s e n t  a  m ix tu re  which c a n n o t  e x i s t .  As f a r  
a s  t h e  w r i t e r ’ s e x p e r ie n c e  g o e s ,  when £  -  /<Z becomes sm a ll  i t  
i n d i c a t e s  t h a t  th e  m ix tu re  i s  to o  w et. T e s t  r e s u l t s  i n  such  a  
c a s e  w i l l  be h ig h e r  owing to  r e j e c t i o n  o f  w a te r  b u t  th e  m ix tu re  
w i l l  be u n d e s i r a b l e  f o r  p r a c t i c a l  u se  and w i l l  p ro b a b ly  develop  
g e n e r a l  s e g r e g a t io n .
-  50 -
C o n c lu d in g  N o te s .
The m ethods o f  v o id s  and s t r e n g t h  e s t i m a t i o n  d e s c r i b e d  
h e r e  have been a p p l i e d  by th e  w r i t e r  s a t i s f a c t o r i l y  to  
i n t e r p o l a t i o n s  o f  s t r e n g t h s  f o r  v a r i e d  a g g re g a te  g r a d in g s  i n  
r e l a t i o n  to  c o n c r e t e s  f o r  r e i n f o r c e d  c o n c r e t e  b r id g e  work on 
w h ich  he was c o n s u l t e d ,  For 6H cubes o f  c o n c r e t e s  made w i th  
O r d in a ry  P o r t l a n d  Cement, a t  7 days age t h e  r e l a t i o n
a p p e a re d  s t i l l  to  a p p ly .  The s t r e n g t h  
r e l a t i o n  was -  z .ogA) l b / i n s . ^ ,  and C and W b e in g ,
i n  t h i s  c a s e ,  m easured  by w e ig h t .  At 28 d ays th e  r e s u l t s  were
u n i f o r m ly  50$  g r e a t e r .
As f a r  a s  F e r r o c r e t e  cement i s  c o n ce rn e d  some t e s t s
a t  14  and  28 day s , made i n  th e  co u rse  o f  t h e  w r i t e r ' s  own
i n v e s t i g a t i o n s  i n d i c a t e d  t h a t  t h e  r e l a t i o n s  f o r  g r e a t e r  a g es  
a r e  d i f f e r e n t  to  some e x t e n t .  T h is  i s  i n  l i n e  w i th  th e  
f i n d i n g s  o f  the  B u i ld in g  R e se a rc h  S t a t i o n ,
In  c o n c lu s io n ,  the  w r i t e r  w ish es  to  s t a t e  t h a t  no 
f i n a l i t y  i s  c la im e d  f o r  th e  r e s u l t s  g iv e n  h e r e .  They 
r e p r e s e n t  th e  b e s t  co m b in a tio n  o f  th e  a v a i l a b l e  f a c t s  and 
f i g u r e s  which he was a b le  to  o b t a i n  a f t e r  e x te n s iv e  t r i a l s  o f  
o t h e r  m ethods. I t  i s  hoped t h a t  th e y  r e p r e s e n t  some new view  
p o i n t s .
The view  t h a t  p a s t e  i n e q u a l i t i e s  form th e  p r im a ry  
c a u se  o f  s t r e n g t h  d i f f e r e n c e s  i n  d i f f e r e n t  m ix tu re s  o f  the  
same w a t e r - r a t i o  a p p e a rs  to  be cap ab le  o f  e x p la in in g  the  
o b s e r v e d  phenomena. F a c to r s  such  a s  t e n s i l e  s t r e n g t h  and  bond 
be tw ee n  p a s t e  and  a g g re g a te s  w i l l  be a f f e c t e d  by p a s t e  
i n e q u a l i t i e s  and e x p la n a t io n s  o f  s t r e n g t h  v a r i a t i o n s  em ploying 
t h e s e  f a c t o r s  need  n o t  be e n t i r e l y  a t  v a r i a n c e  w i th  t h e  view s
e x p r e s s e d  h e r e .  I
The s t r e n g t h  e q u a t io n ,  a s  a l r e a d y  m entioned , i s  n o t  
d e p e n d e n t  on th e  above c o n c e p t io n .  I t  a p p e a rs  to  p ro v id e  a  
s a t i s f a c t o r y  c o n n e c t io n  betw een n e a t  cem ent, m o r ta r  and c o n c r e te  \
s t r e n g t h s .
d ependent on th e  above c o n c e p t io n .  I t  ap p ears  t o  p r o v id e  a 
j s a t i s f a c t o r y  c o n n e c t io n  betw een  n e a t  cem ent, m ortar and c o n c r e te  , 
\strengthsj.___
A lth ou gh  th e  method d ev e lo p ed  f o r  b a s i c  
v o id s  c a l c u l a t i o n  i s  regarded m erely  a s  an e x p e d ie n t  to  o b ta in  a 
n e c e s s a r y  q u a n t i t y ,  i t  ap p ears  to  g iv e  s a t i s f a c t o r y  r e s u l t s  and th e  
f u r t h e r  c o n n e c t io n  betw een b a s i c  v o id s ,  w ater  and slump a p p ea rs  
t o  be o f  c o n s id e r a b le  i n t e r e s t .
The work on c o n c r e t e s  and m ortars  was 
done a t  th e  R oyal T e c h n ic a l  C o l l e g e ,  Glasgow.
S e c t io n in g  o f  c o n c r e t e s  and m ortars ,  
m ic r o s c o p ic  ex a m in a tio n  and photography were done a t  th e  w r i t e r * s  
home w ith  h i s  own a p p a ra tu s .
F i n a l l y ,  th e  w r i t e r  d e s i r e s  to  
acknow ledge h i e  in d e b te d n e s s  to  P r o fe s s o r  Moncur f o r  m a t e r ia l s  and 
f a c i l i t i e s  f o r  th e  work and f o r  h i s  I n t e r e s t  in  i t .
Acknowledgements are  a l s o  due t o  
P r o f e s s o r  M ellanby f o r  th e  co n tin u a n ce  o f  th e s e  p r i v l l i g e s .
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B i b l i o g r a p h y .
G e n e r a l .
S ab in  -  Cement and C o n c re te .
T a y lo r  and Thompson -  C o n c r e te ,  P l a i n  and R e in fo rc e d
Hool and Johnson  -  C o n c re te  E n g in e e r 's  Handbook.
M i l l s  -  M a t e r i a l s  o f  C o n s t r u c t io n .
McMillan -  B a s ic  P r i n c i p l e s  o f  C o n c re te  Making.
S in g le to n  Green -  C o n c re te  E n g in e e r in g .
K nigh t -  Road A g g re g a te s ,  T h e i r  Uses and  G rad in g .
Kuhl -  Cement C hem is try  i n  T heory  an d  P r a c t i c e .
S tu d ie s  o f  S t r e n g th  and  C o n s i s te n c e .
A b ra m s -B u l le t in  No. 1 , D esign  o f  C o n c re te  M ix tu re s  
Lewis I n s t i t u t e .
T a lb o t  and  R i c h a r t ,  The s t r e n g t h  o f  C o n c re te ,  I t ' s  R e la t i o n  
to  th e  Cement, A g g re g a te s  and  W ater .
U n i v e r s i ty  of I l l i n o i s  B u l l e t i n  N o .137*
F e r e t - S u r  l e -C h o ix  des M a te r ia u x  p o uvan t e t r e  employes 
comme S ab le  dans l e s  M o r t i e r s  H y d r a u l i c s ,
Rev. des Mat. de C o n s t r .  e t  de T ravaux  P u b l i c s ,  
Mar.Ap. and  May 1922,
R i c h a r t  and B a u e r -R e la t io n  be tw een  Voids and  P l a s t i c i t y  o f  
Cem. M o r ta r s ,  P roc . A.S.T.M . 1922.
Schw albe-Com parison o f  r e s u l t s  o f  th e  Slump T e s t  and  Flow 
T a b le ,  P ro c .  A.S.T.M. 1921.
B u i ld in g  R e se a rch  S t a t i o n  R e p o r t  1 9 2 6 -D isc u s s io n  o f  S t r e n g th  
fo rm u lae  and  B .R .S . fo rm u la .
B u i ld in g  R e se a rch  Tech. P ape r  N o .5 , The C o n s is te n c e  o f  
Cement p a s t e s ,  M o r ta rs  and  C o n c re te s .
S u e n s o n - D r u c k f e s t ig k e i t , D i c h t i g k e i t ,  und W asser-Z em ent-  
V e r h a l t n i s  von Beton und M o r te l ,  F i r s t  Comm, o f  
New I n t e r n a t i o n a l  A ssoc , f o r  T e s t i n g  M a t e r i a l s ,  1930.
Bolom ey-D e te rm in a t io n  de l a  R e s i s t a n c e  a  l a  c o m p ress io n  des 
M o r t i e r s  e t  B e to n s ,
B u l l e t i n  T echnique de l a  S u is se  Romande, 1925.
M eyer-D ie B eziehungen  zw ischen  B e to n d r u c k f e s t i g k e i t  und 
Betonzusamm ensetzung u n t e r  b e s o n d e re r  
B e ru c k s ic h t ig u n g  d e r  N o rm e n fe s t ig k e i t  des Zements. 
(E ine  U n te rsuchung  m it  H i l f e  d e r  Methoden d e r  
G ro s sz a h lfo rsc h u n g )  D i s s e r t a t i o n ,  1931*
A d d i t io n a l  P a p e rs  dealing ; m ain ly  w i th  G rad ing  F a c t o r s .  E f f e c t  e t c .
Edwards -  P r o p o r t io n in g  by S u r fa c e  A rea , P ro c  A.S.T.M . 1918.
Abrams and T a lb o t  -  D is c u s s io n  on F in e n e s s  Modulus and  
S u rfa ce  M odulus, P ro c .  A.S.T.M. 1919.
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J a n o u s e k -C o n t ro le  e t  a m e l i o r a t i o n  de l a  c o m p o s it io n
g ra n u lo m e tr lq u e  du G r a v ie r  de C a r r e r i  e t  du T o u t-  
Venant f l u v i a l  u t i l i s e  p o u r  l a  c o n f e c t i o n  du B eton . 
F i r s t  comm. New I n t .  A ssoc , f o r  T.M. 1930.
R i c h a r t .  E s t im a t io n  o f  B a s ic  Voids -  D is c u s s io n  o f
B u t t e r f i e l d ' s  p a p e r  on A n a l y t i c a l  P r o p e r t i e s  o f  s e t  
and  h a rd e n e d  m o r ta r s  P ro c .  A .S.T.M . 1925.
H ey w o o d -C a lcu la tio n  o f  th e  S p e c i f i c  S u r fa c e  o f  a  Powder, 
P ro c .  I n s t .  Mech. Eng. 1933*
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n ap  10 h a rd tn tn cj U em tnf ~ Neat" a n d  Mortar Usti.
/  Days IVale/ Cu/cd 
(Jo. /  -  Freshly rtj/Kcd s p e g m e n  — t/os Z  iZ  rem ixed  a t  times gsven 
jFoch com pression ra/ue. m ean of~ tw o  3 '‘> /&T cylinder*.
Each tdr\S(or> Mala*. m ean of~ 5  shanc/and briatietfh-s.
.ompresstrc.
Strength
3 0 5 0








1 5 0 0
1/00
3 0 2 0
2 2 4 0
IJL4A
2 6  1 0  
275 0 
3 3 0 0









Neat' Cement' Compression Tests. 
!%l Cylinders — 7  days — Water cured.
7160
S O  7 0
3300
\i2000
S 6 0 0




'Some/ C — h/otural 
3" * /  fa- cy/inde-rs a t
tfcafa C<err)*rSh
ompress/vc-
Grac/in(j. ( tfo 3.)No tar of
* f'/z . c y l in d e r s
3500
/■) fr a  c h o n s  — 4- to  8 f r a c t io n  t  p a r  t~, Z i  to 4 S  Fract/on l p a r f ~.(b\i wet* 
/"j Ij'n de rs a t 7 c/avs aoe ~ Water cured. (Mo 4 )
6+oo
J  "*/'£' cy lin ders at~ 7  da ys  QQe. — Wafer ca red .
b5CO6800
0-2  Z SO 00 O-SZ.
0-73  4-2 00 o-66
0-66 3 3 0  0 0 -3 /










Coibnr&as'iv’c- Strengths o f Norma! Mortars.
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1 0 5 0
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NeoF Cement"
C- value. For dqual mortar
J " r  cy /Z n t/ers aZ
Wh of Cem. 
tft. of 5and
AbsT,
e q u a t rrprfat
Void* to  t-Wif voI oh d r y  p a n e l
Absolut*, vof. o f  JCtr></
Mortar l/oiols — 3 and C — *%>. Or 2 63
Absolute, vol. ot s a n d  - a
1 or tar -  Voids ~  *5 and /)  Fractions
Absolute- rot, of sa n d  ~a  , Vo/. p i  effect/Ve. trafer u).
A b s o /u f e  y<t>/. o f  c e fih e n /~
Mortar l/o/ds -  3 one! f t  Fractions.
A ts o th te .  y o l . oh s a n d  * a  ,  Fot of- e-ffec.hr*. w a f e r  -
/' _______ '• '» c.eme.nt'-c, , Mortar voidi fa ir*  w afer) =■ w. do. c/o. ah J3 a3 tc. H^r/kr*
V&lcjcn fob Fracsf/cn
behveen S / e y ' t 8+14 
jnfcrjoolafed/
-  / ^ / r  v- W afer ra ids 
c  d b to tu te  rot. oh cemo*
A ir + W ater yo tds
[bsofafe rol. o t  Cement*









Table of t /  values fo r  TyJer 3 /'ere. F ract/o
Exetnip/es:- Graves/ Hyjreyafe — firfiHexW Grading
as. ytt'cn in table) -fp.Gr »jzj*^3 . l£ = 0’3ii.
3p. £rr- 4ft Cement Taken as 3-05^  t£=.0-8 
Criti cal rf??. proportion = £j8 = S  7  » ci 
tM im J . f  Ccm.t. l a r .............. g'/j.PV-.' ___ _____
S . = 2.Z- S *  3  a s  ,  S-aAm 
«- i T s T s
.-. r  .  o - tn
t p  =  *Oi»/2 Z  =  041
<>- ’s i ) -  O f j i
Surry of H**/cOi wUt Represent 
Z74Z in s ' o f  Surface a re a  p e r  Z 2 $ /os 
o f  agg. as Sp.Grr. is  Uni farm a  nek' t /  
i/alite 5 may be eo \i$ idcr eel a s ,
hVa/er Cur,
6 3 0
fjL c d lc u la h  
c  A y . 4 6
m o
4 0 7 0
m r n m
r>U
S.
^ calculated as in 
^  F to . 4 6  I
Ifodcled - harsh
\4 0 3 0
4 4 6 0
3ZV0
4 0 6 0
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